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ABSTRACT 
This research study aims to manufacture and characterise the properties of sandwich 
structures based on natural fibre composites. Bamboo tubes and flax-based 
composite (reinforced polypropylene and polylactide) were selected as the main 
materials to be investigated.  
Initial testing was focused on investigating the sensitivity of the tensile properties of 
the composites from various processing conditions and understanding the energy-
absorbing characteristics of the individual bamboo tubes. Following this, bamboo 
honeycomb, bamboo-reinforced foam, corrugated flax-based composites, square and 
triangular interlocking flax-based composites and corrugated paperboard with flax-
based composite skins were manufactured.The flax-based honeycomb and corrugated 
structures were manufactured using compression moulding techniques and 
subsequently bonded to skins based on the same material using an epoxy resin. These 
structures were tested in compression at quasi-static and dynamic rates of strain in 
order to determine their mechanical strength and specific energy absorption 
characteristics. It has been shown that the energy-absorbing capacity of the bamboo 
tubes tends to increase with decreasing inner diameter to the thickness (D/t) ratio. In 
addition, a chamfered profile was employed to successfully trigger the tubes to fail in 
a progressive manner. Bamboo tubing has been observed to offer excellent energy 
absorption characteristics and has potential for use inenergy-absorbing engineering 
applications. Tests on the flax-based composite structures have shown that the wall 
thickness and the number of unit cells have an effect on the strength and energy-
absorbing capability of the core. The flax reinforcedpolypropylene (flax/PP) 
composite structures failed in buckling and fibre fracture, whereasthe flax reinforced 
polylactide (flax/PLA) systemfailed in buckling with delamination. Of the structures 
investigated here, the flax/PP cores offer superior mechanical properties to their 
flax/PLA counterparts. Further investigations on the effect of bonding flax/PP and 
flax/PLA skins to a corrugated paperboard have show that there is no significant 
difference in the properties between those two flax-based materials. 
 
v  
Finally, the compression response of the square and triangular honeycomb structures 
has been modelled using finite element (FE) techniques. The FE model succesfully 
predicted the strength, energy-absorbing characteristics, buckling behaviour and 
failure modes observed in these natural fibre based core materials. 
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CHAPTER 1 : INTRODUCTION 
1.1 Overview 
By the broadest definition, a sandwich structure is defined as a structure which is 
formed from a core and two identifiable skins. Generally, sandwich composite 
structures use stiff and strong skins, while the core is a lightweight material that 
transfers the load from one skin to the other. The adhesive acts as a bonding agent, 
capable of transmitting the shear and axial loads to and from the core material. Skins 
are used to provide the bending and shear stiffness. Numerous studies have shown 
that sandwich structures are good at absorbing energy, which are also very 
lightweight, offer superior strength and stiffness-to-weight ratios and offer 
opportunities to reduce some components from the core part through design 
integration [1-3]. The principle behind the design of a sandwich structure is an I-
beam, where the flanges can carry direct compression and tension loads, while the 
web carries shear loads. The flanges can be regarded as the sandwich skins and the 
web as the sandwich core. Interestingly, sandwich structures are also found in nature, 
such as in natural fibre structures (e.g. bamboo and grass), cell structures, bones and 
beehives.  
Today, many industries use composite sandwich structures in a range of components. 
For example, Bayer Material Science, has developed a new sandwich structure made 
from continuous glass fibre mats impregnated with polycarbonate for use in the 
manufacture of automotive body panels [4]. In a prototype of a trunk lid, the volume 
between the lid was filled with a polyurethane foam, making the component very 
lightweight and resistant to minor damage. The aerospace industry uses sandwich 
structures in many applications, for example aluminium-based honeycomb panels are 
used as flooring material in commercial airliners. Airbus has developed a sandwich 
fuselage concept, called the Ventable Shear Core (VeSCo) [5]. This concept is an 
open channel core structure that provides good protection from impact and noise. 
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Due to increasing awarenessof environmental issues, environmentally-friendly 
compositesare attracting interest from many researchers, where natural fibresare seen 
as a potential replacement for glass fibres. In addition, the motivation to reduce raw 
material costs, reduction of weight and ecological advantages of using renewable 
resources have created further interest in this natural fibre. Researchers and scientists 
have used many terms to describe natural fibres, such as ‘green’, ‘eco’, ‘sustainable’ 
and ‘environmentally-friendly’, in order to promote them. As interest in natural 
fibres has increased, efforts to formulate and characterise them have grown rapidly, 
in order to suit the requirements of industries, such as the aircraft, building and 
appliance industries. In 2009, the Food and Agriculture Organization (FAO) of the 
United Nations (UN) officially declared it as the International Year of Natural Fibres. 
One of the aims of this strategy was to build up the efficiency and sustainability of 
industries that use natural fibres.  
By far, the greatest use of natural fibre composites is in the automotive industry, 
where natural fibres have been employed in the manufacture of both interior and 
exterior vehicle components. Here, the idea is to reduce the overall weight of the 
vehicle, whilst increasing its fuel efficiency and sustainability. For example, Daimler 
AG and Toyota have introduced natural fibre composites into their products and 
planned to further increase their use in future components [6]. Similarly, Jaguar and 
Land Rover have reported that natural fibre components offer an excellent 
performance compared to many traditional parts [7]. The Centre for Research and 
Innovation in the Bio-Economy (CRIBE),in partnership with GreenCore,has also 
developed a product from wood fibre for the use in packaging and building 
applications, such as pallets and various containers [8]. 
In general, natural fibres can be divided into two categories, these being animal 
fibres (silk and wool) and plant fibres. Plant fibres can be classified into two groups, 
these being non-wood fibres (e.g. straw, bast, leaf, seed and grass) and wood fibres 
(e.g. soft and hard wood). Hemp, flax, jute and kenaf are examples of natural fibres 
that offer a techno-ecological advantage over synthetic fibres and are considered as 
an alternative material to glass fibre in many composite applications.  
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Table 1.1 lists the advantages and disadvantages associated with using natural fibres 
as reinforcements in composite materials [9-11]. Due to limitations in their 
mechanical properties, natural fibre composites have not been used in high-end 
technology applications, such as component parts for aerospace. Therefore, a study 
on natural fibre-based structures was carried out to investigate the potential of using 
natural fibre composites in sandwich structures. 
 
Table 1.1.Advantages and disadvantages of natural fibres [9-11]. 
Advantages Disadvantages 
Relatively low cost compared to synthetic fibres. Quality of the fibre depending on factors that influence its batch, e.g. weather. 
Recyclable and biodegradable. Swelling of fibres due to moisture absorption. 
Good specific properties. Lower strength properties. 
Renewable resources and the production of natural fibres requires very little energy.  
Ease of processing without tool wear.  
Health advantages, for example, no skin irritation during fabrication compare to the glass. There is strong evidence that glass particles can cause respiratory problems. 
 
Good thermal, dieletric and acoustic insulating properties.  
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1.2 Applications of Natural Fibre Composites 
There are many industries that are exploring the use of natural fibre composites and 
sandwich structures. Today, many efforts to develop environmentally-friendly 
composite and sandwich structures, with the aim of cost reduction, weight reduction 
and even pollution have been undertaken. Here, the applications of natural fibre 
composites and sandwich structures in engineering applications are discussed. 
As previously mentioned, natural fibre composites are more widely used in the 
automotive industry over the last two decades. Daimler AG, for example, used 
natural fibres, such as flax, hemp, sisal and coconut, for a number of their interior 
parts. Daimler reported that the use of natural fibre composites lead to a reduction in 
the component weight, thereby reducing the consumption of fuel, leading to an 
almost neutral CO2 balance.  
Table 1.2 show examples of Mercedes models that have used natural fibres in their 
interior parts [12,13]. Furthermore, the marine industry has also shown interest in 
using natural fibres in composite materials. For example, Corradi et al. [14] 
fabricated a hull from bamboo reinforced composites. Figure 1.1 shows a canoe 
made from a flax fibre composite [15]. 
The sports industry has also used natural fibres in the manufacture of many products. 
Samsara, an Australian company has produced a surfboard made from flax 
composites and reported that the surfboard performed very well and was much 
stronger than the earlier carbon fibre board [16]. In addition, a well-known bicycle 
company, Schwinn, has introduced a natural fibre composite frame based on flax and 
bamboo [17]. Figure 1.2 show examples of natural fibre composites used in sporting 
goods. There are also some other sectors that use natural fibre composites, for 
example in the manufacture of furniture and electrical appliances, as well as the 
construction industry. 
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Table 1.2.Examples of natural fibre composite applications in Mercedes vehicles 
[12,13]. 
Model Types of Natural Fibre 
 
Mercedes A-Class 
 Flax fibre – covers for the 
driver and front passenger 
seat backrests. 
 Cotton, wool – various 
soundproofing 
applications 
 Abaca fibre – underbody 
panelling. 
 Coconut fibre, natural 
latex – backrest cushion 
indrivers seat. 
 
Mercedes M-Class 
 Bast fibre – load 
compartment linings 
 Wood –trim elements 
 Coconut husks – air 
conditioning combination 
filter 
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Figure 1.1. A canoe made from a flax reinforced composite [15].
 
Figure 1.2. (a) Samara ‘eco surfboard’ and (b) 
 
 
              
 
 
(a)    (b) Schwinn Vestige bicycle made from 
natural fibre composites [16,17]. 
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1.3 Major Contribution of Thesis 
Sandwich structures are well-known for being lightweight, while natural fibre 
composites offer many advantages that make them suitable as alternative materials 
for many applications. Hence, the use of natural fibre composites in a sandwich 
structure is expected to produce added benefits in the design of lightweight 
structures, leading to environmentally-friendly sandwich structures. Most studies on 
natural fibre composites have focused on mechanical properties, while very few 
studies have been undertaken on a sandwich structures based on natural fibres. The 
aim of this study is therefore to develop a sandwich structure based on natural fibre 
compositefrom several types of core structure that can be used in engineering 
applications. Attention will focus on determining their strength and specific energy 
absorption.  
The objectives of this study are as follows: 
a) To investigate the mechanical properties of flax-based composites and bamboo. 
b) To develop a range of sandwich structures based on bamboo and a flax-based 
composite. 
c) To determine the quasi-static and dynamic properties of natural fibre-based 
sandwich structures. 
d) To model the properties of key sandwich structures using the finite element 
technique. 
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1.4 Thesis Outlines 
The thesis is divided into six chapters, which are briefly described as follows: 
 Chapter 1: A brief explanation on sandwich structures, natural fibre composites 
and their applications. It also includes the objectives of the research work. 
 
 Chapter 2: A literature review on sandwich structures and natural fibre 
composites. The literature includes a brief explanation on manufacturing 
processes and the mechanical properties of periodic structures as well as natural 
fibre composites from the relevant work in the past and present. 
 
 Chapter 3: The experimental procedure followed in this study, including the 
fabrication and testing methods. This chapter gives details of the specimen 
preparation and their sizes, techniques to fabricate the structures and the 
equipment used for testing. 
 
 Chapter 4: Discussion of the mechanical properties of the skins and the core 
materials, as well as the properties of the resulting natural fibre-based sandwich 
structures. The mechanical performance focuses on the mechanical strength and 
specific energy absorption of sandwich structures based on bamboo cores and 
flax-based composite skins. 
 
 Chapter 5: This chapter discusses the finite element modelling approaches for 
modelling the interlocking core structure. Here, the findings are compared with 
the corresponding experimental results. 
 
 Chapter 6: This chapter summarises the key findings in the research work and 
gives recommendations for future work on sandwich structures based on natural 
fibre composites.  
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CHAPTER 2 : LITERATURE REVIEW 
As discussed in the introduction, the use of sandwich structures in engineering 
applications is very broad. There are many advantages that can be derived from 
sandwich structures,which include low density, high strength, high stiffness, high 
energy absorption, etc. With careful design, these qualities can be combined to create 
multifunctional components. Moreover, the utilisation of natural fibrecomposites in 
most engineering designs is also undebatable. Natural fibres have their own value-
added and are seen as a potential replacement for synthetic fibres. 
This literature review will focus on the manufacturing process of sandwich cores and 
discuss periodic core designs. Furthermore, the mechanical performance of 
corrugated and honeycomb cores under quasi-static and dynamic compression 
loading will be discussed. In addition, relevant studies on natural fibre-based 
sandwich structures will be reviewed. Finite element analysis studies on the 
honeycomb structures, in particular, arealso discussed.  
 
2.1 Sandwich Cores 
There are several types of sandwich cores being studied in order to develop a 
lightweight structure that is strong and stiff. This research includes balsa wood, 
polymeric foam and honeycomb cores, and recently the investigation has been 
broadened to find the ideal lightweight cellular core candidate for use in sandwich 
structures. With careful design of the cellular core topology, one can maximise the 
strength properties and lower the density. Ashby [18] identified three dominant 
factors that influence core properties, i.e. (1) the properties of the parent material, (2) 
the topology (connectivity) and shape, as well as (3) the relative density (e.g. edge 
length, cell wall thickness). 
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Cellular materials can fall into two categories, these being stochastic and periodic 
cells. One of the common stochastic materials widely used is foam (either open or 
closed cells), which is based on a random microstructure [19]. Conversely, the 
periodic structures built from repeated unit cells in an array, which can be classified 
into three types, namely honeycomb structures, prismatic topologies and lattice truss 
structures [20]. Figure 2.1 shows examples of stochastic and periodic cells of the 
cellular materials. 
 
2.1.1 Cellular Foams 
Several techniques can be used for foaming different types of solids. Polymer foams 
are foamed through various phases, these being bubble nucleation, expansion and 
solidification [21]. Meanwhile, metal foams which consist of a solid metal, are often 
made from aluminium filled with gas pores [22]. In cellular foams, the pores inside 
the foam can be either open-cell or closed-cell. The benefit from cellular materials is 
their ease of manufacture for varying the densities with only a few percent (~2-10%) 
of the density of the base material [23].  
The manufacturing process of cellular foams has been extensively studied and well 
documented in many research papers and books [19,21-27]. It is known that the 
density of polymer foams is lower than metal foams. However, they can both sustain 
large compressive strains, which makes them suitable for use in energy-absorbing 
applications. 
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 (a) foam with open cells (left) and closed cells (right), 
 (b) honeycomb structures of square (left) and triangular (right), 
 (c) prismatic topologies of triangular (left) and diamond (right), 
 (d) lattice truss structures of diamond textile (left) and diamond collinear (right) 
Figure 2.1. Examples of the topologies of cellular materials [18,20]. 
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2.1.2 Two-dimensional Cores 
There are two categories of two-dimensional periodic core, these being prismatic and 
honeycomb cores. Basically, a prismatic core is part of the honeycomb family, in 
which the cores are rotated 90° about their horizontal axis. It is formed with an open 
channel in one direction and a closed-cell structure in the second orthogonal 
direction. This prismatic topology is good for enabling cross-flow heat exchange. On 
the other hand, honeycombs are made from plates or sheets that form the edges of 
unit cells. They can be arranged in various shapes, such as hexagonal, square, 
triangular, circular or other related shapes. Honeycombs have closed-cell pores and 
thus, they are suitable for thermal protection and to provide efficient load supports. 
 
2.1.2.1 Corrugated Core 
Recently, several innovative techniques have been used to manufacture corrugated 
core structures. Rubino et al. [28] manufactured a stainless steel corrugated core with 
inclined struts at ±60° using computer-numerical-control (CNC) folding. They were 
then laser-welded to identical face sheets. However, there are limitations to using 
CNC folding and laser welding technology. This technology is relevant for use on 
metal systems because it offers good ductility. On the other hand, compression 
moulding is an alternative method for manufacturing polymer-based composite 
corrugations, as shown in Figure 2.2. The procedure is started by placing prepreg 
material between male and female moulds, and then heating to the recommended 
pressure, temperature and for the required processing time [29-31]. 
 (a)     (b) 
Figure 2.2. (a) Manufacturing route for a composite corrugated core and (b) a 
sample of a carbon fibre corrugation with an angle of 45° [30]. 
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2.1.2.2 Honeycomb Core 
A metal honeycomb core structure can be manufactured using a similar method as in 
the previously-discussed corrugated core, namely bending and brazing techniques 
[20]. Here, the honeycomb core is manufactured by stacking one corrugation of metal 
sheet in another corrugation. The corrugated layers can be either welded or 
adhesively-bonded. Dharmasena et al. [32,33] used a slotting approach, where the 
metal core was assembled by slip fitting the metal strips to form a square and 
triangular grid pattern, as seen in Figure 2.3. In principle, this slotting method is well 
suited to materials that have less ductile or brittle properties, such as composites or 
ceramic honeycombs. For example, Russel et al. [34] successfully manufactured a 
composite square honeycomb using this slotting technique and adhesively bonding 
the parts using a low viscosity epoxy resin. 
 
         (a)     (b) 
Figure 2.3. Illustration of the slotting method for assembling the (a) square and (b) 
triangular core [32,33]. 
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2.2 Mechanical Properties of Sandwich Core Structures 
This section discusses the mechanical performance of the corrugated and honeycomb 
core designs tested under static and dynamic compression loading. The mechanical 
properties and failure modes of sandwichcore structures can be examined under 
compression loading. This method is generally applied to structures with novel cores, 
in order to assess their load-carrying capability and energy-absorbing characteristics 
[35]. 
 
2.2.1 Foam 
Polymeric foams have been used widely in industry and domestic applications due to 
their high energy absorption capability and thermal insulation. The combination of 
good mechanical properties as well the low density makes the rigid polymer foams 
suitable to be used as structural materials. Their mechanical properties depend on the 
cell geometric characteristics (i.e. cell wall thickness, shape and size distributions) 
and intrinsic properties of the polymer in the cell wall [47]. 
Ouellet et al. [48] investigated the compression response of polymeric foams 
underquasi-static, medium and high strain rate conditions. Expanded polystyrene 
(EPS),  high-density polyethylene (HDPE) and polyurethane (PU) has been measured 
at strain rates ranging from 0.0087 to 2500 s-1. This showed that the EPS and HDPE 
will increase their crush stress plateaus butdecrease the strain to densification, with 
increasing strain rate. The PU material was observed to exhibitlarge scale fractures 
and ejection of material at intermediate rates, leading to a reduction inthe crush 
plateau strength compared to the low rate tests. 
A range of epoxy-based polymeric structural foams with density range from 0.83 to 
1.46 g/cm3 was tested by Subhash et al. [49]. They observed that under the quasi-
static loading, the low-density foams failed by the early collapse of large porous 
cells, whereas the high-density exhibited more uniform deformation and resulted ina 
ductile-like fracture mode. 
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Saha et al. [122] tested cross-linked poly-vinyl chloride (PVC) and polyurethane 
(PU) under quasi-static loading usinga servo-hydraulic material testing system at 
strain ratesof 0.001, 0.01, 0.1 s-1. The study included the effect of foam density and 
microstructure of the foam. PVC foams with three densities and two microstructures, 
and PU foams with two densities were considered. They have concluded that the 
strain rate, density, microstructure and foam material play an important role in the 
peak stress and energy-absorbing capability. The properties of PVC foams showed 
the superior performance than the PU foams, over the range of strain rate studied, 
largely due to their difference in the cell architecture and solid material. 
Lim et al. [118] investigated the compressive behaviour of linear and cross-linked 
poly-vinyl chloride foams. The foam densities used are between 55.3 and 1026.7 
kg/m3 tested with a cross-head movement rate of 5 mm/min. It is shown that the 
elastic collapse for cross-linked PVC (densities from 55.3 to 141.5 kg/m3) occurred 
at a similar level of deformation when the bulk PVC material (density 1026.7 kg/m3) 
started to strain-harden. It is suggested that this was due to the loss of stiffness as the 
material yields to thereon initiate a massive onset of cell wall buckling. 
A strain-rate and temperature dependence on poly-vinyl chloride foam was carried 
out by Kendal and Siviour [119]. The foam was investigated under three different 
amounts of plasticizer (referredas PVC, PPVC and sPPVC)at different strain-rates 
ranging from 0.001 to 5000 s-1 and temperatures from –115 °C to 80 °C.They 
observed that each material was strongly dependent on the strain rate, based on the 
change in the yield stress with increasing strain rate. Figure 2.4 shows the stress – 
strain behaviour tested at room temperature for the PVC foam sample. In addition, 
the effect of the glass transition of the PVC was clearly seen at a temperature of 80 
°C. The foam exhibited a more rubbery response when the temperature reached 
100°C. In contrast, the PPVC showed the glass transition effect at approximately 50 
°C, whereas the sPPVC was seen at approximately –40 °C after transitioning from a 
more leathery response. 
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Figure 2.4. Stress – strain behaviour of PVC foam in uniaxial compression tested at 
room temperature over a range of strain rates [119]. 
 
Tagarielli et al. [120] studied the dynamic response of sandwich beams based on 
PVC and a balsa wood core. The densities of foams used in the study are 100 and 
250 kg/m3, and the density of balsa is 90 kg/m3. Glass–vinylester composite was 
used as the face-sheets. A 28.5 mm diameter of metal foam projectile was fired from 
a 4.5 m long gas gun at velocity ranged from 50 to 350 m/s. The PVC core failed in 
cracking mode, while the face-sheets exhibited a tensile failure. In contrast, the balsa 
wood observed a delamination of the face-sheets from the core. They concluded that 
low strength PVC foam (density = 100 kg/m3) has out-perform the high strength 
PVC foam (density = 250 kg/m3) due to the higher thickness of the lower strength 
foam. Under a low impulse, the balsa wood out-performed the PVC foam. As the 
impulse increased, the balsa exhibited the shear failure and resulted to a low dynamic 
strength. 
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Vaidya et al. [121] conducted ballistic impact testing on sandwich panels based on 
balsa, PVC foam and polyurethane E-glass reinforced web core (that the author 
refers to as Tycor). The velocity to strike all specimens was approximately 2900 m/s. 
Among the three cores, the  Tycorwas found to absorb the highest kinetic energy, 
about 1150 J, compared to the PVC and balsa core (both absorbed about the same 
energy, ~100 – 200 J). The post-impact view of the samples showed that the 
projectile had penetrated the panel thickness, tearing and delaminating the skins.  
 
2.2.2 Corrugated Core Structure 
Prismatic cores have gained  much interest from the marine industry for two reasons, 
i.e. (1) the manufacturing process for large length scales is straightforward via a 
welding route and (2) the high longitudinal stretching and shear strength of the cores 
[36]. 
Côtéet al. [36] studied the compressive responses of a metallic corrugated core. The 
core was manufactured from 304 stainless steel, and tested in out-of-plane 
compression at three different relative densities (̅ߩ = 0.036, 0.05 and 0.1). The results 
indicate that the peak load was governed by buckling of the constituent struts, and the 
ensuing softening was associated with the post-buckling response. 
Yan-Chang et al. [37] examined the crush behaviour of four types of corrugated core, 
these being V, U, X and Y shapes. In their report, cores with shapes of V, U and X 
experienced buckling deformation under lateral load, whereas the Y-shaped structure 
deformed in a bending mode along the corrugated line. This can be seen in Figure 
2.5. Of these four shapes of corrugated core, the V-shaped structure exhibited a 
greater crushing performance and energy-absorption characteristics. The specific 
energy absorption of the V-shape structure measured 3.53 kJ/kg, approximately 77% 
higher than the Y-shape. The poor crushing performance of the Y-shape was 
attributed to the bending formation mode. 
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Figure 2.5. Comparison of deformation mode for corrugated core with (a) V-shape, 
(b) U-shape, (c) Y-shape, and (d) X-shape [37]. 
 
An experimental and theoretical investigation on composite corrugations was 
conducted by Kazemahvazi et al. [30,38]. All of the corrugations were manufactured 
from unidirectional carbon fibre laminate with the fibre direction along the 
corrugation. Compression tests were carried out on cores with two different angles, 
these being 45° and 70°, with a single unit cell of the same cell wall thickness. They 
observed similar failure mechanisms in both angles. The core struts tended to fail 
through a combination of splitting, buckling and compressive failure. Figure 2.6 
compares the compression response of the corrugated core at different angles. The 
peak load for a core with an angle of 70° is higher than that with 45°, for the same 
cell wall thickness. The analytical model over-estimated the failure load by 
approximately 20% error, which is likely associated with the initial imperfections 
suggested by authors.  
 
 
 
 
(a) (b) 
(c) (d) 
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 (a)      (b) 
Figure 2.6. The compression response of the monolithic corrugated core with one 
single unit cell at (a) 45° (Pmax ≈ 0.9 kN) and (b) 70° (Pmax ≈ 1.05 kN) [30]. 
 
An attempt to improve the bending strength and energy-absorbing capability of the 
corrugated core structures was made by Zhang et al. [39]. Here, composite materials 
(glass and carbon fibre) were used to fabricate the corrugated core structures. They 
reported that the specific bending strength increased as the corrugation angle and 
core thickness increased. In contrast, as the bond length was increased, the specific 
bending strength decreased. They also compared the energy-absorbing capability of 
the glass, carbon and a hybrid of glass/carbon fibre, all with and without foam 
insertions. Figure 2.7 indicates that a hybrid composite with a foam insertion 
demonstrated the highest crush force efficiency compared to other designs. 
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 (a)          (b) 
Figure 2.7. Comparison of (a) specific energy absorption and (b) crush force 
efficiency  of composite corrugated core [39]. 
 
Kazemahvazi et al. [51] investigated a monolithic corrugated structure made from 
carbon fibre under quasi-static and dynamic loading. The monolithic configuration 
was based on four different densities, between 35 and 210 kg/m3. The quasi-static 
tests showed that failure in the lower density corrugation was governed by elastic 
buckling of the strut, while the higher density corrugation failed in a combination of 
delamination and fibre micro-buckling. They observed that a corrugated core with a 
low relative density shows significant dynamic strengtheningby up to 12 times 
relative to its quasi-static counterpart. This is associated with an inertial stabilisation 
of the core members [111]. Small inertial stabilisation was observed in higher 
relative density cores during dynamic loading.  
Further investigations were undertaken on the dynamic compressive response of a 
composite corrugated core made from an E-glass composite [52]. Two different 
corrugations were examined, i.e. (1) an unfilled core and (2) a core filled with a 
polyvinyl chloride (PVC) foam. The core and skins were attached using a stitching 
method and then the whole assembly structure was infused with an epoxy resin. 
Under quasi-static loading, the unfilled core collapsed by micro-buckling, due to the 
stubby struts. There was a minor effect associated with the PVC foam for the filled 
core, where the foam stabilising the post-peak strut failure response. Under dynamic 
loading, deformation of the structures was reasonably uniform through the core 
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thickness. They suggested that at higher impact velocities, about 150 m/s, the 
localised deformation occurs near the impacted face. This is due to the fact that the 
specimens were not in axial equilibrium and also due to shock effects. Figure 2.8 
indicates that the foam has a small effect on the dynamic properties of the corrugated 
core. A linear relationship between the peak stress and strain-rate up to 4000 s-1 was 
observed due to the strain-rate sensitivity of the composite matrix.  
 
 
Figure 2.8. The peak stresses for the unfilled and filled core as function of impact 
velocity and nominal strain rate [52]. 
 
Wadley et al. [115] studied the impact response of corrugated core sandwich panels 
made from aluminum. The impact tests were conducted using a 12.7 mm diameter 
hardened steel projectile and a high speed camera (for the velocity measurement). 
They noted that the precise location of impact influenced the interaction of the 
structure with the projectile. Low momentum impacts, near the apex, resulted in 
penetration of the face sheet and the projectile was deflected by the inclined webs. 
However, as the impact velocity was increased, the web offered insufficient 
resistance to deflect the projectile. Conversely, impacts mid-way between the apex 
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resulted in projectile impact on apex webs on the opposite side. Here, the projectile 
was not deflected, since the lateral deflection forces exerted by the inclined webs is 
almost balanced. 
 
2.2.3 Honeycomb Core Structure 
Recent research suggests that a lightweight sandwich structure with a periodic truss 
(e.g. honeycomb core) offers a highly efficient load-supporting system. For example, 
the square or triangular honeycomb core offers a high in-plane stretch strength. The 
hexagonal core structure is most commonly used in honeycomb sandwich panels and 
is well-documented in many reports [40-43]. Those reports identified a number of 
failure modes in the honeycomb core structures; (1) face yielding, (2) intracell 
buckling, (3) face wrinkling, (4) core shear and (5) indentation. 
Côtéet al. [44] observed that the square honeycomb core exhibits axial-torsional 
buckling of the cells. During this mode, the cell wall section rotates about the 
transverse axis, while the vertical nodal axis remains straight. Figure 2.9 shows the 
axial torsional buckling mode for the unbonded square honeycomb core made from 
stainless steel. The authors stated that the compressive response of the core with a 
relative density of 0.20 is strongly affected by the presence of the bonded skins than 
the core with relative densities of 0.03 and 0.10. The steel square honeycomb was 
compared to the aluminium hexagonal honeycomb. The authors revealed that the 
hexagonal honeycomb exhibits a lower peak stress and more rapid softening beyond 
the peak load than the square core counterpart. 
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Figure 2.9. Plan view of the unbonded square honeycomb core structure compressed 
to a strain of approximately 0.1 [44]. 
 
Previous research on metallic sandwich structures by Dharmasena et al. [33] has 
shown that a honeycomb core experiences a higher peak strength than a truss or 
corrugated core. They also observed that under quasi-static loading, the square core 
achieved a peak strength approximately 27% higher than the triangular core 
honeycomb, as seen in Figure 2.10. 
 
 
          (a) honeycomb,                (b) trusses, prismatics 
Figure 2.10. The stress-strain responses of the metallic sandwich structures [33]. 
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Chen et al. [45] compared the compressive properties of a polyurethane (PU) foam 
core, a glass honeycomb core preform and a carbon honeycomb core preform. The 
honeycomb preform was filled with PU foam in the preform gap. They found that the 
properties of the honeycomb preform composites were higher compared to the 
traditional PU foam core. In addition, the carbon honeycomb has the highest values 
of compressive strength, followed by the glass honeycomb. 
The energy-absorbing characteristics of hierarchical woven lattice composites were 
evaluated by Zheng et al. [46]. The square interlocking structures were composed of 
a woven lattice as the sandwich cell walls. They concluded that the sandwich cell 
walls successfully restricted rib buckling. As a result, the structure had a high 
compressive strength and stable plateau region, thereby enhancing the specific energy 
absorption of the cellular material. Furthermore, even though the hierarchical lattices 
have lower relative densities, they offers higher densification strains. Therefore,  their 
energy absorption capability is also improved. 
Numerous studies on determining the dynamic properties of honeycomb core 
structures have been undertaken by previous researchers [32,53-56]. Li and Muthyala 
[54] investigated the impact properties of hybrid core sandwich structures. The 
hybrid cores were manufactured by weaving glass fibres to form a square grid, which 
was then filled with syntactic foam in the cells. Three different locations were studied 
(the cell, rib and node) with different sizes of cell area (referred to as Groups 2 – 4) 
and compared with the laminated composite (Group 1), as seen in Figure 2.11. The 
cell size and impact location were observed to have an effect on the impact response. 
Smaller cells offered a higher initiation energy, a higher maximum force and lower 
propagation energy. Furthermore, the lowest initiation energy and highest 
propagation energy were noted to be in the mid-cell region (bay area). The authors 
suggested that the node has the highest strength and stiffness as well highest capacity 
to transfer energy elastically. This is due to the fact that the node has the highest fibre 
volume fraction relative to the cell area that has no fibre reinforcement. 
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Figure 2.11. The impact properties of the hybrid core structures with different cell 
size and the laminated composite [54]. 
Park et al. [55] tested a carbon fibre composite honeycomb under quasi-static and 
dynamic compression loading. Quasi-static tests were undertaken on end-loaded 
specimens between the lubricated platens of a screw-driven test machine. Dynamic 
tests were performed using a Kolsky bar and the experimental set-up was similar to 
that conducted by Radford et al. [50]. Relative to quasi-static rates, an increase in 
peak stress of between 5% and 45% was observed at intermediate rates of 1,400 – 
2,800 s-1. The peak stress was attributed to micro-buckling at the slot root. At higher 
strain rates (8,400 – 16,800 s-1), the increase in the peak load was more pronounced, 
where increases of between 43% and 67% were observed. Here, the results were 
associated with elastic wave propagation and inertial forces. 
The dynamic axial compression behaviour of circular honeycomb was examined by 
D’Mello et al. [116]. The 3-cell and 7-cell circular cell cores were evaluated using 
two loading methods, these being a wave loading device method (WLD) and direct 
impact method (DIM) at impact velocities of approximately 12 ms-1 and 5 ms-1, 
respectively. The peak loads observed in WLD tests were higher than those measured 
in DIM tests. This is due to the fact that the deceleration force upon impact increases 
as the impact velocity is increased. The circular honeycomb core failed progressively 
in a concertina-diamond fold mode, similar to that reported in previous work [117]. 
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2.3 Natural Fibre Composite Systems 
Increasing environmental concerns have encouraged researchers to develop a range 
of recyclable materials based on natural fibres, such as flax, hemp, kenaf, jute, 
bamboo, oil palm, coconut and many more. Fundamental research on natural fibres 
has intensified only in recent years, due to increasing demands for greater 
environmental protection [57-61]. Many researchers have shown that composites 
based on natural fibres can, if correctly designed, offer comparable properties to 
those based on conventional fibres, such as glass fibre.  
For example, Bledzki and Gassan [62] reviewed the potential use of composites 
reinforced with cellulose-based fibres. In their article, very few natural fibre 
composites offered mechanical properties that are comparable to glass fibre 
composites. Moreover, some natural fibres are already being used in industry, such as 
the automotive and furniture industries. They also stated that the most popular fibres 
are jute, flax and coir. 
Merta and Tschegg [63] reported that the fracture energy of a hemp fibre reinforced 
concrete was increased up to 70% that of a unreinforced concrete. They believed the 
increase in the fracture energy was due to the high tensile strength offered by the 
fibre, as well as the fine surface profile of the fibre that allows good bonding to the 
matrix. In contrast, straw and elephant grass-reinforced concrete showed a moderate 
increase in fracture energy of about 2% and 5%, respectively.  
Currently, many studies on natural fibre composites are conducted on laminate and 
tubular structures, but fewer on periodic structures. The mechanical performance 
studies of these types of structure are discussed in Sections 2.3.1 to 2.3.3. 
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2.3.1 Sandwich Laminates 
Sui et al. [64,65] investigated the mechanical behaviour of a bamboo/aluminium 
laminate. Buckling and delamination of the outer aluminium layers were observed as 
being the common failure modes when loaded in compression and bending. Later, 
Zhang et al. [66] extended the study by investigating the static indentation behaviour 
of a bamboo/aluminium laminate. They observed that laminates with a fully-
supported boundary condition displayed a much higher maximum force than those 
supported on an open test window. Failure in the cross-ply bamboo laminate was 
dominated by interlaminar fracture, whereas the unidirectional bamboo laminate 
failed by multiple delaminations. 
Vasumathi and Murali [67] investigated fibre metal laminates (FML) based on 
carbon and jute fibres. The laminates were fabricated using a hand lay-up technique, 
followed by curing at room temperature and compression for ten minutes in a 
compression moulding machine. They found that the carbon-jute reinforced 
aluminium laminate and carbon-jute reinforced magnesium laminate offered a 
superior impact resistance. 
Three different stacking sequences of hybrid composite laminate were studied by 
Petrucci et al. [68]. The hybrid composite laminate consisted of glass mat and natural 
fibres (flax, basalt and hemp). The results show that hybrid laminates based on glass, 
flax and basalt offer a superior tensile strength compared to glass/hemp/basalt 
laminate and flax/hemp/basalt laminates, improved by 19% and 32%, respectively. 
Verma et al. [69] conducted a study on the mechanical properties of bamboo laminae 
and laminated bamboo epoxy composite (LBCs). The laminae and LBCs were 
compared with wood and wood-based composites. They found that the average 
strength for the bamboo laminae was greater than the softwoods and was comparable 
with hardwood. Furthermore, the LBC results indicate that it can be a potential 
replacement for wood and wood-based composites for structural purposes. 
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Hoto et al. [83] developed sandwich composites from natural fibres and a cork 
agglomerate core. The sandwich composite was prepared with face sheets made of 
flax and basalt fibres. They found that the properties of the face sheets greatly affect 
the failure mechanisms, with the energy absorption showing a significant increase. 
The authors also argued that natural fibres in a bio-based matrix offer great potential 
for use in a range of industrial applications. 
Dweib et al. [84] developed a range of structural beams made from a plant oil based 
resin and natural fibres (comprising of flax, cellulose, pulp, recycled paper and 
chicken feathers) using vacuum assisted resin transfer moulding (VARTM) 
technology. Theflexural rigidity and strength of the composite beams were nearly 
equal to or exceededthat of wood beams. Thus, the authors suggested that natural 
composite beams offer potential for use in wood-based structural applications.  
An attempt to produce an environmentally-friendly core panel from bamboo skin 
waste was carried out by Nordin et al. [90]. Comparisons were made between glued-
laminated bamboo strips [91] and bamboo parallel strip lumber [92]. The sandwich 
panel was found to offer the lowest bending strength, but, the authors concluded that 
the full utilisation of bamboo waste could offer better properties in the near future.  
 
2.3.2 Tubular Structures 
Meredith et al. [70] developed conical structures based on hemp, flax and jute fibres. 
The structures were tested under the static and dynamic loading. They found that the 
specific energy absorption (SEA) of the hemp structure was comparable to that 
measured on carbon fibre, whereas the SEA for flax was higher than a jute cone. The 
fibre volume fraction (Vf) was found to influence the SEA of the structure, as high 
Vfresulted in high SEA values. 
A further investigation of the energy-absorbing characteristics of flax fibre tubes was 
undertaken by Yan and Chouwet al. [71]. Three length-to-diameter ratios (L/D), i.e. 
1, 1.5 and 2, fabricated from different layers and length, were examined. The 
composite tube with large lengths and numbers of plies were found to absorb agreater 
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energy. In contrast, composite tube consisting of a large number of plies, with a 
shorter length, offer a greater crush force efficiency. 
Węcławski et al. [72] studied the compressive behaviour in the elastic region and 
post-collapse behaviour of natural fibre composite (NFC) tubes based on hemp yarns. 
The tubes were manufactured by pultrusion, pullwinding and filament winding 
techniques. The NFC tubes were manufactured with various fibre orientations, 
ranging from 10° to 90°. The NFC tube, with an angle of 11.1°, offered the higher 
values of strength and modulus than the other angles. Four principal fracture modes 
were observed in their study, these being micro-buckling, diamond shape buckling, 
concertina buckling and progressive crushing, which are closely related to the 
geometries of the tube architectures. 
Bamboo was one of the natural tubular structures that also offered good mechanical 
properties. Bamboo is a composite material reinforced axially by fibres,referred to as 
bundle sheath [73]. Amada et al. [73] observed that the strength of bamboo bundle 
sheaths is about 12 times higher than the bamboo matrix. They also suggest that this 
bamboo tube structure can resist environmental loads (e.g. wind), where the 
maximum surface stress are constant along the entire bamboo length. A large number 
of works have been carried out to investigate the mechanical properties of natural 
bamboo tubes. Previous work identified that the properties of bamboo tubes 
aredependant on various effects, such as the species of bamboo, the height of the 
culm (from top to bottom), the age of the tree (in years), and the moisture content 
[74-78]. 
Lakkad and Patel [108] tested a bamboo tube with an outside diameter of 55 mm and 
a wall thickness of 8 mm. The specific strength of the bamboo showed higher values 
compared to a mild steel, a glass reinforced polymer and a polyester resin. Thus, the 
authors recommended that bamboo can be considered as a structural material. 
However, due to  its environmental sensitivity that can degrade the mechanical 
properties, suitable coating or treatment should be applied to avoid such effects. 
Tan et al. [79] proved that the outside surface of a bamboo tube has a higher fibre 
density, while the inside surface has a lower fibre density. Therefore, the outside 
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regions exhibit lower levels of crack tip shielding, whereas the inside regions resulted 
in higher levels of crack tip shielding. 
Previous work on the mechanical performance of the nodal regions in bamboo shows 
a lower strength than the internodal region [104,105]. Later, Jiang et al. [77] 
examined the effect of nodes and internodes in bamboo tubes on their mechanical 
performance. The radial-circumference strength of the node was about 2.38 times 
greater than that of the internode. They proposed the nodes in bamboo to have a 
positive effect on the transverse strength and stability.  
 
2.3.3 The Performance of Natural Fibre Periodic Cellular Structures 
Recently, lightweight sandwich structures based on natural fibre have started to 
attract interest from various researchers [80-82]. The mechanical properties of natural 
fibre-based cellular structure are discussed below. 
The mechanical properties of hexagonal and sinusoidal core structures based on sisal 
reinforced polypropylene (PP) composite were investigated by Rao et al. [106]. The 
specimens were tested under the flatwise compression loading. Comparisons were 
made between the unreinforced PP, hexagonal sisal-PP, sinusoidal sisal-PP and 
hexagonal wood-PP structures. They observed that the specific compressive strength 
of both hexagonal and sinusoidal sisal-PP cores exhibited higher values than the 
unreinforced PP and hexagonal wood-PP cores. They also reported that sisal-PP 
cores couldbe compressed to over 80% of their initial height. It was suggested that 
sisal-PP composite cores are suited for use in the packaging application. 
Rao et al., [85] tested a honeycomb core based on a sisal-polypropylene (PP) 
composite. Compression tests at a crosshead displacement rate of 0.5 mm/min were 
carried out to investigate the collapse behaviour and the failure mechanisms. Axial 
failure was dominated by buckling of the cell walls and subsequently material 
fracture. The sisal-PP cores were compared with pure PP cores by normalising the 
properties with respect to density. It was found that the specific strength of the sisal-
PP honeycomb cores were almost twice those of the PP honeycomb cores. The sisal-
PP core was observed to exhibit higher energy absorption values than the PP cores, 
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as shown in Table 2.1. The sisal reinforcement increased the elastic modulus, 
resulting in a greater buckling resistance in the cell walls. The authors suggested the 
increase in energy absorption was due to geometrical parameters, as well the 
reinforcing effect. Moreover, as the ratio of cell wall thickness to length (t/l) 
increased, the energy absorption capability in the elastic region also increased.  
 
Table 2.1. Summary of the energy absorption capability of PPcores and sisal-PP 
cores [85]. 
Honeycomb 
CoreMaterial 
(core height in mm) 
Density (kg/m3) Volume (m3) Energy absorbed per 
unit volume (MJ/m3) 
Polypropylene (25) 49 7.6 x 10-5 0.44 
Sisal-PP (25) 151 7.6 x 10-5 1.9 
Sisal-PP (50) 151 15 x 10-5 1.5 
 
Rao et al. [86,87] argued that natural fibre reinforcement of the cell walls could 
significantly enhance the load-carrying capacity and the energy-absorbing capability 
of fibre reinforced honeycomb cores. Figure 2.12 shows a sisal-PP composite core 
during compression testing. 
 
 
Figure 2.12. Photograph of a sisal-PP honeycomb core structures [86]. 
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More recently, a honeycomb core made of jute fibre/vinylester (jute/VE) composite 
was proposed by Stocchi et al. [82]. The jute/VE core was observed to fail in a 
progressive damage mode, due to fibre pull-out and fibre fracture. This failure 
behaviour was affected by the large wall thickness relative to the cell size, that 
restricted buckling, as well as the heterogeneities in the composite material. They 
compared this natural fibre honeycomb core with commercially-available honeycomb 
cores, as seen in Figure 2.13. Clearly, the performance of jute/VE core is comparable 
to that of the commercially available products. Furthermore, the specific compressive 
strength for 10 mm cell of jute/VE core shows the superior performance than the 
other cores. 
 
 
Figure 2.13. Comparison of specific compressive strength between Jute/VE 
honeycomb and those of the commercially available cores [82]. 
 
A comparison of the in-plane compressive properties of corrugated corestructures 
made of manicaria/polylactide and plain polylactide was undertaken by Porras and 
Maranon [88]. Specimens with sizes of 50 x 50 x 11 mm were tested at a crosshead 
speed of 0.5 mm/min. The mechanical properties of the corrugated core based on 
manicaria/polylactide increased to more than twice those of the plain polylactide. The 
manicaria-based corrugated structure was observed to fail due to the formation of 
plastic hinges when the critical stress was reached. 
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Yang and Fei [89] tested bamboo-wood corrugated cores with a cubic size of 100 x 
100 mm. The influence of pressure, temperature and time were examined, as those 
play a dominant role in the mechanical performance of natural fibre composites. This 
has also been confirmed by Ho et al. [107]. The strength properties of the bamboo-
wood corrugated core increase with increasing pressure. However, temperature and 
time have a less significant effect on their strength properties. They observed that this 
natural fibre corrugated core structure offers a superior strength to that of commercial 
non-structural products. 
Petrone et al. [93] compared unidirectional and short random flax fibre/polyethylene 
(PE) honeycomb structures under dynamic loading conditions. All of the specimens 
were tested using a drop-weight impact tester with a 165 mm diameter flat striker 
[64] and a mass of 16.46 kg. The study was carried out to investigate the effect of 
core height and the presence of face sheets. The unidirectional flax/PE cores offered 
a superior impact response with a large elastic region and a higher peak load than the 
short random flax/PE cores. The cores with face sheets proved to improve the 
energy-absorbing capacity, due to the presence of bending and stretching in the face 
sheets. Nonetheless, the influence of the face sheets was less pronounced for larger 
core heights, where the energy was predominantly absorbed by the core. Figure 2.14 
shows images of the flax/PE honeycomb core subjected to a 90 J impact loading. 
 
 
Figure 2.14. Photograph during the low velocity impact tests at the speed of 1.5 ms 
for (a) unidirectional flax/PE core without and with face sheets, and (b) short 
random flax/PE without and with face sheets [93]. 
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2.4 Numerical Analysis of Sandwich Structures 
In general, dealing with a large number of experimental works on sandwich 
structures will involve long periods and sometimes can be very expensive. Finite 
element (FE) simulations, if adequately formulated and accurately realised, help to 
greatly reduce the number of laboratory tests required to characterise the response of 
a sandwich structure subjected to various loading conditions [96]. FE analyses can 
offer detailed structural stress distributions and highlight the internal structural 
deformation, where it is difficult to visualise experimentally. 
Côté et al. [97] developed FE models to analyse the response of hierarchical square 
honeycomb structures under the static compressive loading. The cell walls of the 
honeycomb core comprised of a polymethacrylimide (PMI) foam sandwiched 
between woven glass/epoxy composite faces. Simulations were performed using 
Abaqus and modelled using linear three-dimensional brick elements (C3D8R) with 
reduced integration points. The model consists of four brick elements through the 
thickness of each composite cell wall. Five to ten elements through the depth of the 
foam core were chosen to avoid excessive distortion. Antiperiodic boundary 
conditions were applied to the outer plate edges of the cruciform section to develop 
torsional-axial buckling and face wrinkling mode. The PMI foam was set as an 
isotropic elastic-ideally plastic solid, and the post-yield behaviour using a crushable 
foam formulation. The glass composite was modelled as an orthotropic elastic-ideally 
plastic solid to mimic plastic microbuckling. The predictions of the FE models were 
compared to corresponding experimental and analytical results. Under the elastic 
buckling analysis, the predicted first eigenvalues were in good agreement with the 
lowest collapse load predicted analytically. Initial geometric imperfections, in the 
shape of the first elastic eigenmode, were introduced into the sandwich plates. The 
imperfection factor ,ζ , was set in the range of 0-1.7%. The authors identified that the 
peak stress is sensitive to the magnitude of the initial imperfection. Here, an 
imperfection factor of ζ = 0.3% was found to produce the qualitative shape of the 
measured collapse response. 
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Russell et al. [98] analysed the three-point bending response of carbon fibre 
sandwich beams with square honeycomb cores using Abaqus/Explicit. They assumed 
perfect bonding between the honeycomb core and face sheets. The composite 
sandwich beams were meshed with square elements of 1.2 mm size in the face sheets 
and 0.7 mm in the core. The authors applied an element removal option from 
Abaqus, where the element would be removed once it reached the value of unity and 
could not resist any further stress. Comparisons between the FE calculations and the 
experimental results showed good agreement in the measured peak load, and 
accurately captured the deformation and failure modes. 
Burlayenko et al. [99] predicted the elastic properties of foam-filled honeycomb core 
structures using a combination of shell and solid elements for the honeycomb cell 
walls and core foam, respectively. Three types of boundary condition were examined 
in order to find the appropriate engineering constants. It was suggested that the foam-
filled core exhibited a uniform stress distribution through the core thickness than the 
core without the foam. They found that the influence of polyvinyl chloride (PVC) 
H200 foam filling increased the out-of-plane transverse Young’s modulus and shear 
moduli by 15% and 24%, respectively. 
Wang and McDowell [100] studied the effects of defects on the in-plane properties of 
square and triangular cell metal honeycombs using the Abaqus software package. 
The defects were introduced by removing the cell walls at random locations. The 
properties of triangular cell reduced more gradually than the square cell, whilst 
maintaining the residual stiffness and strength. 
The level of stress concentration at the slot-ends of the square honeycomb core was 
analysed by Park et al. [55]. The investigation was carried out to estimate the onset 
of damage in the composite. The finite element analysis shows that the local stress 
concentration generates fibre micro-buckling from the root of the slot, which was 
confirmed by using the optical microscopy. 
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Chen et al. [101] investigated the dynamic crushing characteristics of square 
honeycomb thin rubber wall. The honeycombs were meshed by eight node brick 
elements with reduced intergration (C3D8R), with five elements through the web 
thickness and forty through the wall height. In order to avoid any penetration 
between the solids, a general contact condition was used between the web and rigid 
plate, as well as the web itself. They studied the geometric imperfections and the 
effect velocity on the crush behaviour. Details of imperfection sensitivity were 
reported in previous studies [109,110]. A series of geometric imperfections were 
obtained by performing a quasi-static buckling eigenvalue analysis with 
Abaqus/Standard. The change of the geometry shape was transported from one code 
to the other, since the model is in the same meshing elements. Three different 
imperfection shapes were created, as seen in Figure 2.15, representing the first, fifth 
and tenth eigenvalues. They suggested an initial imperfection shape can influence the 
dynamic deformation shape of the core. Due to unknown real imperfections, the 
imperfection of first, fifth and tenth modes were used with the scale factor of ζ = 
1/10. An analysis of different impact velocities was undertaken at 1, 10, 25 and 50 
m/s (strain-rate = 20, 200, 500 and 10,001 s-1) using the same imperfection scale 
factor. The results proved that the influence strain-rate on the buckling behaviour is 
very prominent. At a low strain rate, they observed a global buckling mode with a 
long wavelength, and as the strain-rate was increased, the local mode became smaller 
with shorter wavelengths. Thus, the crushing velocity was found to be the dominant 
factor controlling the crush behaviour of the core. The authors also identified that 
both inertial resistance and strain hardening increase the stress plateau, whereas 
inertial buckling stabilisation delays the buckling moment of the core. 
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Figure 2.15. The first, fifth and tenth modes of the core and the corresponding crush 
deformation shape of the core (velocity constant at 25 m/s) [101]. 
 
Vaziri et al. [102] developed square and folded core model structures using 
Abaqus/CAE software. All of the components (face sheets, core webs and polymeric 
foams) were modelled using eight-node brick elements with reduced integration 
(C3D8R). A classical flow theory, based on the von-Mises yield surface and isotropic 
hardening, was employed in the computations. The models were performed under 
quasi-static and dynamic loading conditions, using explicit time integration 
(Abaqus/Explicit). This was due to the complexity of the geometry and variations in 
the material behaviour, as well as the convergence difficulties when using the 
implicit version (Abaqus/Standard). 
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Numerical investigations on the structural response of natural fibre sandwich 
structures are limited. Rao et al. [103] conducted a linear elastic finite element 
analysis on a hollow core sandwich structure manufactured from a sisal fibre 
composite. They found that the mid-span deflections predicted by the FE analysis 
were in good agreement with the experimental results. In addition, the specific shear 
strength of the core was more than double that associated with an unreinforced 
polypropylene core. 
Rao et al. [87] used numerical modelling techniques to characterise the energy 
absorption capabilities of recyclable sandwich panels made from sawdust 
polypropylene (PP) composites. The FE analysis included a convergence study on the 
unit cell model, with various numbers of elements through the thickness of the core. 
The FE results reveal that the energy-absorbing capability of PP honeycombs 
(unreinforced and reinforced) increased constantly with increasing thickness (t) to 
length (l) ratio of the cell walls. 
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2.5 Interim Conclusions 
Chapter 2 has presented a review of relevant studies from past and current research 
work on sandwich structures subjected to quasi-static and dynamic compression 
loading. The review includes a brief explanation of the classification of cellular 
materials, such as foams and periodic cores. Here, a review of the mechanical 
response of related core structures under the quasi-static and dynamic loading is 
presented. Based on the literature, a periodic core structure using composite material 
offered good mechanical properties to be used as energy-absorbing engineering 
applications. Failure mode of the periodic structure aremainly associated with 
buckling, delamination and compressive failure. A number of factors on their static 
and dynamic properties have been observed such as the material effect, cell wall 
thickness, angle of corrugation, relative density, strain-rate, inertial stabilisation as 
well the skins effect. Finally, procedures and techniques for modelling the response 
of honeycomb sandwich structures using commercially-available FE codes have been 
reviewed.The use of imperfection in a model can help to accurately predict the 
structural response to be compared to experimental work.  
To date, natural fibre composite structures studied by previous workers have been in 
the form of sandwich laminates and tubular structures. Most of the structures offer a 
very good mechanical performance suited for future engineering applications. There 
is also an interest to use natural fibre as face sheets bonded to commercial cores, such 
as honeycomb, foam, etc. [94,95,112-114]. However, there are few studies on natural 
fibre composites designed in the form of periodic cellular cores, e.g. with honeycomb 
and prismatic topologies. 
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CHAPTER 3 : EXPERIMENTAL PROCEDURE 
3.1 Design and Fabrication of Sandwich Core Structures 
Five types of sandwich structures were fabricated and tested in this study, these being 
bamboo honeycomb, foam reinforced bamboo tubes, corrugated, interlocking and 
corrugated paperboard. The corrugated, interlocking and corrugated paperboard 
structures were manufactured using the compression moulding method (Meyer hot 
press), as well the flax-based composite panels. Two types of mould were used to 
prepare the composite specimens, a flat mould and a corrugated mould. The moulds 
were covered with a Teflon film in order to avoid the material sticking to the mould 
during the compression moulding process. This self-adhesive is a non-stick, heat 
resistant material and the thickness is 0.08 mm. It is supplied by Techbelt®, United 
Kingdom. The Araldite 420 A/B structural adhesive used to bond the core to the two 
skins was supplied by Huntsman Advanced Materials GmbH. The recommended 
ratio for mixing the epoxy resin and hardener is 100:40. 
 
3.1.1 Fabrication of the Skins 
Biotex flax/polypropylene (hereafter known as flax/PP) and Biotex flax/polylactide 
(flax/PLA), supplied by Composite Evolution, Chesterfield, United Kingdom, were 
used as the skins and as a core for the corrugated and interlocking structures. The 
flax-based woven mats were supplied in the form of fabric roll. The materials were 
heated between 170°C to 200°C under a pressure of 1.5 bar. The fibre volume 
fraction of the flax-based composite materials was 0.4.  
Here, flax-based composite panels, with a size of 200 x 200 mm, were prepared by 
stacking three plies of woven flax/PP and flax/PLA in 0°/90° fibre orientations as 
shown in Figure 3.1. The flax-based composite material was then placed in the 
mould. Next, the mould was placed in a Meyer hot press and heated to the required 
temperature under a pressure of 1.5 bar for approximately one hour. Finally, the 
pressure was released after the panel had cooled to room temperature.  
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A thermocouple was inserted in the mould to monitor the temperature during the 
heating process.Figure 3.2and Figure 3.3show the Meyer hot press machine and the 
flax/PP composite panel. 
 
 
 
 
 
 
 
 
        (a)        (b) 
Figure 3.1.(a) Schematic of the stacking orientations of the flax-based composite and 
(b) the preparation for the composite panel. 
 
 
Figure 3.2. Photograph of the Meyer hot press machine. 
 
Temperature from machine Pressure 
Thermocouple 
0º/90º 
0º/90º Flax-based Composite 
Bottom mould 
Top mould 
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Figure 3.3.Top view of flax/PP composite panel following manufacture at the 
temperature of 190°C. 
 
3.1.2 Bamboo–based Core Structures 
Figure 3.4 shows the bamboo tubes with small and large diameters used in this study. 
The bamboo tubes wassupplied by Gardman, United Kingdom. This bamboo is used 
as an attractive edging in gardens [123].The bamboo had a light brown colour. The 
outer diameters (Dout) of the small bamboo tubes ranged from 6 to 15 mm and the 
large diameter tubes from 22 to 25 mm. Prior to testing, tubes of length 20 mm were 
cut from the internode regions of the bamboo canes and weighed. The tubes were 
then ground at both ends to ensure that the two surfaces were parallel, thereby 
minimizing the level of friction between the tube surfaces and the platens of the test 
machine.The physical properties of both small and large diameter of bamboo tubes 
are given in Table 3.1. 
 
  (a)  (b) 
Figure 3.4.Photograph of (a) a small diameter and (b) a large diameter of bamboo 
tube. 
 
10 mm 
5 mm 
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Table 3.1.Physical properties of the small and large bamboo tubes. 
 Mass (g) Density (kg/m3) Dout (mm) Din/t ratio 
Small 0.5 – 2.6 780 – 1140 6 – 15 1 – 4 
Large 3.7 – 6.2 850 – 960 22 – 25 3 – 6 
 
3.1.2.1 Bamboo Honeycomb 
The bamboo honeycomb cores were manufactured from 20 mm long bamboo tubes. 
The cores were produced by bonding large numbers of bamboo tubes together using a 
two part epoxy resin to the flax-based composite skins, as shown in Figure 3.5. The 
curing time for the epoxy resin was approximately 24 hours at room temperature. The 
bamboo honeycomb structures were subsequently cut into 40 x 40 mm squares in 
preparation for mechanical testing.Here, the bamboo was placed in random 
positionsand due to variabilitiesof the outside diameter in nature, it is difficult to 
control gaps between the tubes. Therefore, the core structure was controlled through 
the pre-defined specimen size, regardless the number of tubes used. These procedures 
were applied to both the large and small diameter bamboo tubes with both flax/PP 
and flax/PLA skins. Figure 3.6 shows a photograph of the large bamboo honeycomb 
structure with flax/PP skins. 
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   (a)    (b) 
Figure 3.5.Top view showingthe arrangement of (a) small and (b) large bamboo 
cores. 
  
 
Figure 3.6.Large diameter bamboo honeycomb with flax/PP skins. 
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3.1.2.2 Bamboo Tube-reinforced Foam 
Bamboo tube-reinforced foam samples were designed by embedding 20 mm long 
bamboo tubes in four different densities of crosslinked foam with 20 mm thickness. 
Tubes with outer diameters of approximately 24 mm were selected for this structure. 
Here, expanded polystyrene (EPS70) was chosen as a lower density core material. 
The polystyrene foam is flammable and is a good thermal insulator. It is white in 
colour. It is used as a building insulation material. Three different types of 
thermoplastic crosslinked PVC (C70) foam were supplied by Alcan Ltd., these being 
C70.55, C70.75 and C70.130. The foams are yellow (C70.55), light green (C70.75) 
and dark green (C70.130) in colour.  
These cross-linked PVC foamsare a unique closed cell foam which offers high 
stiffness and strength to weight ratios and also a high impact strength. A foam 
thickness of 20 mm was used in the study and samples were cut into square blocks 
with dimensions of 50 x 50 mm. Table 3.2 gives the mechanical properties of the 
polystyrene and crosslinked PVC foams, as given by the supplier [124,132].  
Initially, the bamboo was chamfered at one end prior to being embedded into the 
foam. A hole was introduced into the centre of the foam for insertion of a bamboo 
tube of similar size. The bamboo was placed with the chamfered profile facing 
upwards. Figure 3.7 shows the large diameter bamboo tube embedded in foam. 
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Table 3.2.Mechanical properties of the polystyrene and crosslinked PVC (C70) 
foams [124,132]. 
 EPS70 (P1) C70.55 C70.75 C70.130 
Density (kg/m3) 15 60 80 130 
Compression strength (MPa) 0.08 0.90 1.45 3.0 
Compression modulus (MPa) - 69 104 170 
Bending strength (MPa) 0.12 - - - 
Shear strength (MPa) - 0.85 1.20 2.40 
Shear modulus (MPa) - 22 30 54 
Thermal conductivity (W/mK) 0.038 - - - 
 
 
   (a)     (b) 
Figure 3.7.(a) Schematic geometry and (b) top view of a foam (C70.55) sample 
reinforced with a large diameter bamboo tube. 
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3.1.3 Flax-based Core Structures 
3.1.3.1 Corrugated Structures 
A corrugated mould made from mild steel with dimensions of 210 x 240 mm was 
used to manufacture the corrugated core structure. The mould had a nominal height 
of 10 mm and a length of 20 mm from peak-to-peak with an angle of 45°. This can be 
seen in Figure 3.8. This type of core was based on the triangular profile shown in 
Figure 3.9, where, ht and hb are the top and bottom skins thicknesses, respectively; hc 
is the core height; t is the wall thickness;W is the width; L1 and L2 are the core length 
and strut member length, respectively.  As the core was predetermined by the mould 
design, the value for L1 was set to 20 mm while the angle ⍺ and β is 45º and 90º, 
respectively.  
Thecorrugated core was manufactured from a total of four plies of thin PP film and 
four plies of flax/PP. The stacking sequence was one ply of PP film at the top and 
bottom, followed by two plies of flax/PP between the film. Initially, a pressure of 6 
bar was applied for approximately 10 minutes, to allow the materials to form into the 
required shape. Subsequently, the pressure was reduced to 1.5 bar, and the heating 
process continuedfor one hour at a temperature of 190°C.Next, the corrugated flax 
composite core was bonded to the top and bottom skins using an epoxy resin. The 
skins were made from the same material as the core. Then, the corrugated flax 
composite core was cut into rectangular blocks with a 25 mm width and three 
different lengths, these being associated with two, three and five cells.Figure 3.10 
shows a sample of flax/PP corrugated structure based on three cells.A similar method 
wasused for the flax/PLA composite and a thin PLA film at a temperature of 180°C. 
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Figure 3.8. Mould used for making the corrugated core. 
 
 
Figure 3.9.Schematic geometry of one unit cell of the corrugated core structure. 
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Figure 3.10.Flax/PP corrugated structure with three unit cells. 
 
3.1.3.2 Interlocking Structures 
Two types of interlocking core structure were manufactured in this study, these being 
square and triangular core. Initially, composite panels based on flax/PP and flax/PLA 
were manufactured using a hot press machine. Here, the manufacturing processes of 
the skins and core of the flax-based composite were the same as those skins for the 
bamboo honeycomb structures. The flax-based composite was manufactured under a 
pressure of 1.5 bar for one hour at temperature of 190°C (for flax/PP) and 180°C (for 
flax/PLA). Then, the composite panel was cut into rectangular strips using a bench 
saw. A total of six strips were used to fabricate the square interlocking and seven 
strips for the triangular core; four strips with the shape (a), two strips with shape (b) 
and one strip with shape (c), as shown in Table 3.3.  
A simple slotting technique was used to make both the square and triangular 
structures; t = thickness, hc = height of the core and L = length between the two 
strips, as shown inFigure 3.11. The core was then bonded to two skins, using an 
epoxy resin. The specimen sizes for the square and triangular interlocking core 
structuresare 70x70 mm and 70 x 60 mm, respectively. Figure 3.12 shows 
photographs of the square and triangular interlocking cores. Three different 
thicknesses of flax/PP and flax/PLA composite were prepared from two, three and 
five plies of material. 
 
 
 
10 mm 
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Table 3.3.Dimension of the strips for the square and triangular interlocking cores. 
Type of interlocking core Dimension 
Square 
 
 
 
 
Unit: mm 
 
Unit: mm 
Triangular 
 
 
 
 
 
 
Unit: mm 
 
 
 
 
 
 
 
(a) 
(b) 
(c) 
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20 20 10 
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(a) square, 
  
(b)triangular 
Figure 3.11.Slotting technique for the interlocking core structures. 
 
   
(a)      (b) 
Figure 3.12.Final structurefor (a) a square and (b) a triangular interlocking core 
made from three plies of flax/PP. 
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3.1.4 Corrugated Paperboard Structures 
Further investigation was carried out with flax-based composites to develop 
biodegradable sandwich structures using commercial corrugated paperboard. The 
corrugated paperboard panel was supplied by Xanita Ltd., South Africa. This core 
panel was brown in colour with a thickness of 20 mm and density of 80 kg/m3 [125], 
as shown in Figure 3.13. It was produced from 100% recycled paper-waste, which is 
a recyclable and an eco-friendly material. It offers a high strength to weight ratio, 
high flexural strength and is also good for sound absorption.  
A total of sixteen plies of thin PP film and two plies of flax/PP were prepared for the 
top and bottom skins. Here, a total of four plies of PP film were placed above one ply 
of flax/PP and four plies underneath it, as shown in Figure 3.14. The PP film was 
used to make a good bond between the flax/PP and core. Thus, those numbers of 
plies has been selected as the aim is to investigate the capability of using the flax-
based composite to the corrugated paperboard structures. The materials were then 
heated using a Meyer hot press to a temperature of 180°C for one hour under a 
pressure of 1.5 bar. The flax/PLA skins were manufactured using the same procedure 
to those with flax/PP skins. Finally, the corrugated paperboard sandwich structure 
was cut into a square size of 50 x 50 mm, in preparation for subsequent mechanical 
testing, as shown in Figure 3.15. 
 
 
Figure 3.13.Corrugated paperboard core. 
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Figure 3.14.Stacking sequence for the corrugated paperboard with flax/PP skins. 
 
 
Figure 3.15. Flax/PP corrugated paperboard.  
 
 
 
 
 
Top skin : 4 plies of PP film above and below 1 layer of flax/PP composite 
Bottomskin : 4 plies of PP film above and below 1 layer of flax/PP composite 
Corrugated paperboard 
Bottommould 
Top mould 
10 mm 
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3.1.5 Stacking Sequences of the Material 
A summary of stacking sequence for all of the sandwich structure cores 
manufactured in this study is given in Table 3.4 and 
Table 3.5. The difference in thicknesses was due to the compression moulding 
process. However, each structure was compared to the flax/PP and flax/PLA 
composites, except for the bamboo reinforced foam, which was compared to the 
differences of densities. Therefore, each structure was using the same number ofply 
of the flax-based composite. A total of five different materials were studied in this 
work, these being bamboo tube, flax/PP, flax/PLA, foam (polystyrene, C70.55, 
C70.75 and C70.130) and corrugated paperboard.  
 
Table 3.4.Summary of the stacking sequences and thicknesses for the bamboo-based 
core structures. 
Type of 
Structure Constituents Materials Stacking sequences 
Nominal 
Thickness (mm) 
Bamboo 
Honeycomb 
6 plies flax/PP + Bamboo FPP(x3)/Bamboo/ FPP(x3) 23 
6 plies flax/PLA + Bamboo FPLA(x3)/Bamboo/ FPLA(x3) 22.6 
Foams 
reinforced 
bamboo 
Bamboo + Polystyrene (PS) - 20 
Bamboo + C70.55 (C55) - 20 
Bamboo + C70.75 (C75) - 20 
Bamboo + C70.130 (C130) - 20 
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Table 3.5. Summary of the stacking sequences and thicknesses for the flax-based 
composite and paperboard core structures. 
Type of 
Structure Constituents Stacking sequence 
Nominal Thickness 
(mm) 
Corrugated 
2 plies flax/PP (FPP) + 
2 plies PP film (PP) 
PP/FPP(x2)/PP 1.1 
2 plies flax/PLA 
(FPLA)+2 plies PLA 
film (PLA) 
PP/FPLA(x2)/PP 0.95 
Interlocking 3 plies flax/PP  FPP/FPP/FPP 1.5 3 plies  flax/PLA  FPLA/FPLA/FPLA 1.3 
Paperboard 
16 plies PP film + 2 
flax/PP + Corrugated 
Paperboard (CP) 
PP (x4)/FPP/PP (x4)/CP/PP 
(x4)/FPP/PP (x4) 
21 
16 plies PLA film + 2 
flax/PLA + Corrugated 
Paperboad (CP) 
PLA(x4)/FPLA/PLA(x4)/CP/PLA 
(x4)/FPLA/PLA(x4) 
21 
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3.2 Mechanical Properties of Materials 
The initial focus of this study was to determine the  mechanical response of the 
materials. Here, tensile tests were undertaken on the flax-based composite, and 
compression tests were conducted on the bamboo tubes. Here,the tensile and 
compression tests were conducted on an Instron 4204 and 4505 testing machine, 
respectively. The output from both tests was in the form of a load against 
displacement curve. 
 
3.2.1 Tensile Testing 
Composite panelsbased onthe flax-based composites (flax/PP and flax/PLA), with a 
0°/90° fibre orientation, were prepared for tensile testing. Straight-edged rectangular 
specimens were fabricated since other researchers [126,127] have used this type to 
successfully avoid the need to machine potentially complex dog-bone geometries. 
The test specimens were cut from the flax-based composite panels into a size of 190 
x 20 mm (Length, L x Width, W) using a bench saw. The average thicknesses (t) of 
the flax/PP and flax/PLA composites were approximately 1.5 and 1.3 mm, 
respectively. Tensile tests were conducted with a 5kN load cell at a crosshead 
displacement rate of 1 mm/min. An extensometer was placed onto the specimen. The 
initial gauge length (Lg) was 50 mm. The tests were carried out at least three times in 
order to obtain reliable data. Schematic drawings of the test specimen and thetensile 
test set-up are shown in Figure 3.16and Figure 3.17. The tensile strength was 
calculated using Equation 3.1: 
 
ߪ =  ܲܣ                                                                                           (3.1) 
 
whereP= load (N) and  A = cross-sectional area of the specimen (m2). 
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The Young’s modulus (E) and strain (ε) were calculated using: 
ܧ = ߪߝ                                                                                         (3.2) 
       
ߝ = ߜܮܮ௚                                                                                        ( 3.3) 
 
whereσ = strength (MPa), δL = elongation length (mm) and Lg  = gauge length (mm). 
 
 
 
 
Figure 3.16.Schematic of the tensile test specimengeometry. 
 
Figure 3.17. Tensile test set–up. 
Extensometer clips  Specimen 
Upper grip 
Lower grip 
W 
Lg 
L 
t 
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3.2.2 Compression Testing 
Compression tests were conducted on bamboo tubes with a length of 20 mm,cutusing 
a band saw. An Instron testing machine with a 50 kNload cell was used at the 
crosshead displacement rate of 1 mm/min to determine the compression strength. The 
tests were undertaken in uniaxial compression in the fibre direction, similar tothose 
conducted by Chung and Yu [128]. Two different sizes of bamboo tubeswere tested, 
these being small and large diameter tubes. The specimen was placed between the 
two circular platens, as shown in Figure 3.18. The bamboo tubes are shown in Figure 
3.4. Compression tests were also undertaken on polymerfoam block of size 50 x 50 x 
20 mm.Here,the specimenswere loaded at a crosshead displacement rate of 1 
mm/min.  
  
 
Figure 3.18.Photograph of the Instron machine used for the compression tests. 
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3.3 Mechanical Properties of Natural Fibre-based Sandwich Structures 
In this study, different types of core structure have been manufactured and tested, 
these being bamboo honeycomb, bamboo reinforced foam, corrugated paperboard, 
corrugated and interlocking (square and triangular core) structures. A series of static 
compression and low-velocity impact tests were conducted to evaluate the 
mechanical properties of the natural fibre-based sandwich structures under static and 
dynamic loading conditions. The structures were then photographed in order to 
elucidate the prevailing failure mechanisms. Here, at least three tests were carried out 
on each structure. 
 
3.3.1 Quasi – Static Testing 
Quasi-static compression tests were conducted using an Instron 4505 universal 
testing machine at a crosshead displacement rate of 1 mm/min. Here, the specimen 
was placed between the two circular platens and a load was applied to the specimen 
until the structures had been fully crushed.The output from these tests was in the 
form of load against displacement traces. Following this, the compression stress-
strain curves were plotted to determine the compressionstrength and modulus of the 
sandwich structures. The compression modulus was obtained from the initial slope of 
the stress-strain curve as shown in Figure 3.19. Again, Equations 3.1 to 3.3 were used 
to obtain the compression properties of the sandwich structures. 
The energy-absorbed by the sandwich structures was calculated from the area under 
the load-displacement traces,using the trapezoidal rule [129]. The specific strength of 
the structure was calculated using Equation 3.1 and divided by the density 
(kg/m3),while the specific energy absorbing was determined by dividing the energy 
by the mass (kg). 
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Figure 3.19.Determination of the Young’s modulus from the stress-strain curve 
(exampleis taken from a test on square interlocking structure). 
 
3.3.2 Dynamic Testing 
Figure 3.20 shows the experimental set-up for the low-velocity impact tests on the 
sandwich structures using a drop-weight impact rig. The impact test relies on the free 
falling of a known mass from a given height in order to supply the energy required to 
deform the specimen. A range of masses and heights were used to produce the 
desired kinetic energy of the impactor. Here, a mass (M) of up to 30 kg was dropped 
from a height (H) of up to 1.5 meters to load the samples. In this study, the energy 
required for each structure was obtained based onthe energy absorption data obtained 
from the static compression tests. Table 3.6 summarises the energy to crush the 
specimens. A flat rectangular impactor was used to strike the specimens. The 
impactor was guided by two parallel columns to ensure that the impactor struck the 
specimen centrally. Frictionless contact was assumed between the two rails and the 
impactor. The specimen was progressively crushed from the top to the bottom once 
the impactor made contact with the top surface.  
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Figure 3.20.The test set-up for thelow-velocity impact tests. 
 
The impactor load signal was obtained from the piezoelectric load cell (Kistler type 
9363A) with a maximum capacity of 120 kN, and was positioned under the steel 
support. An insulated coaxial cable was used to connect the amplifier (Kitsler type 
5011B) and the load cell. Here, the voltage was filtered using the charge amplifier, 
before being converted to a digital signal and recorded using the computer. The 
output was in the form of force (N) – time (t) traces. Details of the load-cell and 
amplifier are given in Table 3.7 and Table 3.8, respectively [130,131]. Figure 3.21 
shows a close-up view of the test set-up used for dynamic testing. 
 
 
Computer 2: Images output data 
Computer 1: Voltages output data 
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Table 3.6.Impact energies used during the low-velocity impact tests on the different 
structures. 
Type of structure Materials Impact energy (J) 
Bamboo honeycomb 
(small and large diameter) 
Flax/PP 322 
Flax/PLA 322 
Foams reinforced bamboo 
Foam Polystyrene 155 
Foam C70.55 273 
Foam C70.75 273 
Foam C70.130 355 
Corrugated Flax/PP 12 Flax/PLA 4 
Interlocking Flax/PP 70 Flax/PLA 50 
Corrugated paperboard Flax/PP 54 Flax/PLA 54 
 
Table 3.7.Details of the piezoelectric load cell (Kistler type 9363A) [130]. 
 Unit Value 
Measuring range kN 0 – 120 
Sensitivity pC/N – 3.8 
Natural frequency kHz >35 
Weight (without cable) g 800 
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Table 3.8. Details of the Kistler amplifier type 5011B [131]. 
 Unit Value 
Measuring range for 10 V FS pC ± 10 – ± 999 000  
Sensor sensitivity 
(M.U. = mechanical units) 
pC/M.U. ± 0.01 – ± 9 990 
Frequency range (-3db, Filter “OFF”)  kHz ≈ 0 – 200 
Weight kg ≈ 2 
 
A high-speed video camera (MotionPro X4, model no. X4CU-U-4) with a standard 
F/0.95 – 50 mm lens was used to capture the velocity and displacement of the 
impactor. The video camera was positioned directly in front of the test specimen to 
track the movement of the impactor and the deformation of the structures. A high-
intensity lamp was used in order to get a clear image of the deformation as well to 
illuminate the test rig while filming. The recording was initiated at the moment the 
impactor struck the top surface of the specimen and continued until the specimen was 
fully crushed and/or the impactor had stopped. As the image output was in pixels, the 
captured images were calibrated and processed to yield the required parameter, such 
as displacement and velocity. The calibration was carried out using the motion 
analysis software (ProAnalyst®). The energy to cause failure of the specimen was 
determined fromEquation 3.4. 
 
E = mgh     (3.4) 
 
whereE = energy (J), m = mass of the impactor (kg), g = gravity (~9.81 ms-2) and h = 
height (m) of the impactor above the specimen. The same method used to calculate 
the total energy absorption, the specific energy absorption andthe specific strength 
that were used for the quasi-static tests were used in dynamic tests. 
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Figure 3.21. A close-up view of the test area for the low-velocity impact test. 
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3.4 Interim Conclusions 
The details of manufacturing procedures for the skin material and the natural fibre-
based sandwich structures have been presented in Chapter 3. This chapter also 
describes the experimental set-up, as well as the testing procedures for both the 
quasi-static and dynamic tests. Two types of material were tested in order to 
investigate the material properties, these being flax-based composites and natural 
bamboo tubes. These materials then were used to fabricate the core and skins for the 
sandwich structures. The fabrication includes the compression moulding (hot press) 
and cutting processes. Following this, the sandwich core structures were tested under 
the quasi-static loadingby using an Instron machine. The dynamic loading conditions 
was carried out using a drop-weight impact with impactor mass up to 30 kg, dropped 
from a height up to 1.5 m. A detailed explanation of the fabrication procedures used 
to make the structures is also included in this chapter. 
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CHAPTER 4 : MECHANICAL PROPERTIES OF NATURAL 
FIBRE-BASED SANDWICH STRUCTURES  
4.1 Mechanical Properties of Flax-based Composites 
4.1.1 The Influence of Processing Temperature on Flax-based Composites 
Figure 4.1 shows the tensile stress – strain traces for the flax/PP and flax/PLA 
composites at various temperatures. It is apparent that all of the flax/PP composites 
show similar trends, initiated with linear and continued witha non-linear response up 
to the maximum stress value. The flax/PP composite failed in a catastrophic manner 
across the width of the sample, as a result, the stress dropped rapidly. It is clear that 
the flax/PP composite tested at 170 ºC offer a high strain to failure, approximately 
0.05, compared to samples tested at 190 ºC and 200 ºC, which failed at strain 
approximately 0.022 and 0.013, respectively. The highest tensile strength for the 
flax/PP appears to be at 190 ºC measured, this being approximately 30 MPa.  
In Figure 4.1b, the samples of flax/PLA composite at temperatures of 180 ºC and 190 
ºC failed at strains of 0.05 and 0.024, respectively. It is evident that the stress level of 
the flax/PLA dropped gradually after reaching their maximum values. However, the 
stress at a temperature of 200 ºC found to drop rapidly and this might be related to 
the loss of matrix during the manufacturing process. The highest tensile strength for 
the flax/PLA composite was found to be 10.6 MPa at a temperature of 180 ºC, 
approximately 13% higher than at 200 ºC.  
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 (a) 
 (b) 
Figure 4.1.Tensile stress – strain curves for (a) flax/PP and (b) flax/PLA. 
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Figure 4.2 shows the variation of tensile strength with the processing temperature for 
the flax-based composite. Close examination of the flax/PP data shows that for 
processing temperatures of 170 ºC, 180 ºC and 190 ºC, the strength is averaging 
approximately 26 MPa. However, a noticeable drop occurs at 200 ºC, that is probably 
due to degradation of the PP matrix at this elevated processing temperature. It is 
evident that there is some dispersion in the set of data values in those samples 
processed at 180ºC. The reason for this is not clear, although such effects are not 
considered to be associated with any microstructural effects within the composite. 
This also could be attributed to the alignment of the flax fibre yarn in the composite. 
Here, the flax/PP composite significantly outperforms its flax/PLA counterpart at all 
temperatures.  
The values for the flax/PLA are relatively constant across the range of temperatures, 
although there is a maximum value at 180 ºC. The pronounced difference between 
the two types of composite is likely to be associated with the brittle nature of the 
PLA matrix. Previous work on neat biopolymers [133] has shown that the tensile 
strain of PLA lies between 2.5% and 6%, significantly lower than those values 
measured on much more ductile PPpolymers. Given that damage in 0º/90º laminates 
often initiatesbetween the transverse fibres, it is likely that increasing theductility of 
the polymer will lead to improvements in the ultimateproperties of the composite. 
Indeed, Garrett and Bailey [134] investigatedthe effect of matrix failure strain on the 
tensile propertiesof 0º/90º glass fibre reinforced/polyester laminates. Their results 
showedthat increasing the strain to failure of the thermosetting matrixfrom 1.75% to 
11.1% served to increase the transverse crackingstrain of the cross-ply composite by 
more than 600%. 
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In Figure 4.3, it shows that PP-based system tends to offer superior mechanical 
properties at temperatures between 180 ºC and 200 ºC, although the differences are 
not as significant as in the previously-reported tensile strength data. The stiffness 
properties of the PLA-based material are relatively constant across the range of 
processing temperatures. It is evident that the stiffness of PLA-based composites at 
170 ºC is higher than the PP-based counterpart. This could be associated with the 
PLA matrix that is not completely melted at this elevated temperature. As a result, 
the specimen failed as fibre-by-fibre rather than a catastrophic failure as in the PP-
based composite. In contrast, the modulus of the PP-based composite increases with 
temperature, reaching a maximum value of 3.7 GPa at 190 ºC. Hence, all subsequent 
manufacturing of the PLA-based composite was undertaken at a temperature of 
approximately 180 ºC and the PP-based composite at approximately 190 ºC. The 
images of fractured flax-based composite following a tensile testing are shown in 
Table 4.1. 
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 Figure 4.2.Tensile strength of flax-based composite versus processing temperature.  
 
Figure 4.3.Comparison of the tensile modulus for flax/PP and flax/PLA composites 
as a function of processing temperature. 
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Table 4.1.The failure regions in the flax/PP and flax/PLA composite following the 
tensile tests at various temperatures. 
Temperature (ºC) Flax/PP Flax/PLA 
170 
 
 
180 
 
 
190 
 
 
200 
 
 
 10 mm 
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4.1.2 The Influence of Cooling Rate on the Flax-based Composites 
The influence of varying cooling rate for these flax-based composites was 
investigated. Here, the consolidation process was approximately one hour, started 
once the required temperature had been established. The temperature was monitored 
by using a thermocouple, placed inside the mould. The press was then turned off and 
a pressure of 1.5 bar was maintained (for the slower cooling time). Fast cooling time 
was achieved by removing the mould after the consolidation process, followed by 
placing weights (~5 kg) on top of the mould. The cooling time was measured until 
the temperature had been cooled to approximately 80ºC.  
Figure 4.4 shows the processing conditions for the slow and fast cooled flax-based 
composites. From the graph, the total cooling time periods for the flax-based 
composites was approximately four hours for slow cooling and six minutes for fast 
cooling. Following this, a series of tensile tests were undertaken on samples 
produced at both cooling rates, with a displacement rate of 1 mm/min. Figure 4.5 
shows the tensile strength of the flax-based composite processed with slow and fast 
cooling times. Clearly, the flax-based composite exhibits a higher value of strength at 
the slower cooling rate, approximately 30% for flax/PP and 24% for flax/PLA.  
It is worth noting that the flax-based composite offers greater properties at the slower 
cooling rate. This result may be associated with the crystalline nature of the matrix, 
as thermoplastic matrices often develop highly crystalline regions at a slow cooling 
rate. Previous work has shown that during fast cooling, the level of crystallinity was 
low and this affected the tensile strength to some degree [135]. Furthermore, the 
fibre-matrix interface also plays a fundamental role in determining the composite 
properties. Le Duigo et al. [136] stated that the interfacial properties between the 
fibre and matrix are lower under the rapid cooling rate, where the matrix structures 
that show the visco-elastic behaviour does not have time to relax. Here, the 
interfacial properties are being controlled by the residual stresses that appear during 
this phase, where at a slow cooling rate, the friction stress is increased. 
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 (a) flax/PP 
 (b) flax/PLA 
Figure 4.4.Processing temperature with processing time for slow and fast cooled 
flax-based composites. 
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Figure 4.5. Tensile strength at different cooling rates for the flax-based composites. 
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4.2 Mechanical Properties of Bamboo Tubes 
4.2.1 The Effect of the Geometry Size under Quasi – Static Loading 
Another attempt to develop an environmentally-friendly structure was undertaken on 
a natural bamboo tube. Bamboo is a typical natural tube structure and hence, every 
segment of the outer and inner diameter are not the same size. Therefore, it has to be 
assumed to be a perfect cylinder in order to calculate the diameter-to-thickness ratio 
as well as the compressive strength. It should also be noted that bamboo is a 
functionally graded composite material that consists of vascular bundles. Here, the 
crush behaviour of the individual bamboo tubes based on small and large diameters 
was investigated. The initial focus was to understand the influence of tube geometry 
on the strength and energy-absorbing characteristics of the bamboo tubes. The effect 
of varying the ratio of the internal tube diameter to the tube wall thickness, D/t, on 
the energy absorbing capability was investigated.  
Figure 4.6 shows typical load-displacement traces following compression tests on 
tubes with small and large diameters at a length of 20 mm. On close examination, the 
peak loads for the small diameter tube range between 1.3 and 11 kN, whereas the 
large diameter lies between 17 and 31 kN, with all tubes exhibiting similar trends. 
Figure 4.7 compares the load-displacement traces for both bamboo geometries. Here, 
the trace for the smallest diameter tube increases rapidly to approximately 11 kN, 
before decreasing steadily with increasing crosshead displacement. This response 
contrasts with that of the larger diameter tube, where the force rises rapidly to 
approximately 31 kN before dropping to 25 kN and then rapidly to below 10 kN. 
Complete failure of the tubes (small and large) occurred at a displacement over 6 
mm.  
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 (a) 
 (b) 
Figure 4.6.Typical load-displacement curves for (a) small and (b) large bamboo 
tubes. 
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Figure 4.7.Comparison of load-displacement curves for the small and large bamboo 
tubes. 
Figure 4.8 shows the plan and side views of the small and large bamboo tubes after 
testing. Greater levels of crushing are apparent in the small diameter bamboo tube, 
Figure 4.8(a), which reflects the long and steady decline in the load-displacement 
traces in Figure 4.7. A closer inspection of the sample indicates that a large amount 
of material has splayed inwards and outwards during the crushing process. An 
examination of the larger test sample highlights some top-surface crushing of the 
bamboo substrate, as well as a number of vertical splits extending along the length of 
the specimen. The initial crushing process occurred between the maximum load and 
the knee at 25 kN. It is believed that this mode of failure is capable of absorbing 
reasonably high levels of energy. The sudden drop in the load-displacement trace is 
associated with the low energy splitting mechanism in evidence on the sides of the 
sample. The strength and failure mode of bamboo tubes are associated with the 
distribution of vascular bundles in the bamboo tube. It is found that the outside 
regions of a bamboo tube has a higher fibre density than the inside regions. Zhang et 
al. [137]proved that the area ratio of vascular bundles in small diameter of bamboo 
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tube is higher than that in large diameter, which affected their final compression 
results. 
 
    (a)   (b) 
Figure 4.8.Photograph of failed samples for (a) small diameter and (b) large 
diameter bamboo tubes following quasi-static testing. 
 
The area under each of the load-displacementtraces was used to calculate the energy 
absorbed during the crushing process. These values were divided by the initial 
masses of the specimens to yield specific energy absorption values. Figure 4.9 shows 
the variation of specific energy absorption (SEA) with the tube D/t ratio. An 
examination of the figure highlights significant scatter in the experimental data. This 
is most pronounced for low values of D/t, partly due to difficulties in clearly 
identifying the values of “D” and “t” in tubes that appeared to be almost completely 
filled (Figure 3.5(a) in Chapter 3). 
In spite of the level of scatter in Figure 4.9, it is evident that the SEA decreases with 
increasing D/t ratio, an observation that has been made following tests on both 
Kevlar/epoxy composite[138] and metal tubes [139]. The highest value of SEA 
approached 26 kJ/kg, which is similar to that reported by Farley [140] following tests 
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on glass and Kevlar fibre reinforced epoxy tubes. It is clear that the lower value of 
D/t ratio exhibit a superior energy absorption performance to their higher value 
counterparts. 
 
 
Figure 4.9.The SEA values of small and large bamboo tubes as a function of the D/t 
ratio. 
 
4.2.2 The Effect of the Geometry Size under Dynamic Loading 
Figure 4.10 shows the load-displacement traces for the small and large diameter 
tubes under impact loading. The dynamic responses were similar to those observed 
under quasi-static loading (Figure 4.7). The force associated with the tests on the 
smaller diameter tubes increased to a value of approximately 21 kN before 
decreasing steadily during the second part of the test. In contrast, the initial response 
of the large tube was relatively linear rising to a maximum value around 38 kN. A 
sudden drop occurred after the peak point, associated with longitudinal cracking 
between the bamboo fibres. Here, localised crushing occurred in the uppermost part 
of the tube, leading to localised splaying and some splitting. Figure 4.11 shows 
photos of both types of tube following dynamic crushing. A comparison of the 
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figures with those shown previously in Figure 4.8 highlights many similarities in the 
failure modes at these two strain rates. 
 
 
Figure 4.10. Typical load-displacement traces for the small and large diameter 
bamboo tubes following dynamic testing. 
 
 (a)   (b) 
Figure 4.11. Photograph of failed bamboo tubes for (a) small diameter and (b) large 
diameter bamboo tubes following dynamic testing. 
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Figure 4.12 shows the variation of SEA with tube D/t for the dynamically-loaded 
bamboo samples. Here, the trends in energy absorption with tube geometry are less 
pronounced than that observed following quasi-static testing (Figure 4.9). An 
examination of the figure does, however, suggest a slight upward trend as D/t is 
decreased. A comparison with the data in Figure 4.9 indicates that the SEA values 
are higher at impact rates of strain, highlighting a distinct rate-sensitivity in these 
materials. 
 
 
Figure 4.12. The variation of SEA with D/t for small and large diameter bamboo 
tubes following impact testing. 
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4.2.3 The Effect of the Triggering System on the Bamboo Tubes 
The next stage of this study was to investigate the effect of the triggering system for 
the large bamboo tubes. Here, two types of geometry were considered, these being 
unchamfered (non-triggered) and chamfered (triggered) tubes. The triggering system 
was carried out by making a taper at one end of the tube at an angle of 45º. A 
comparison of the load-displacement response under compression loading for the 
unchamfered and chamfered tubes is shown in Figure 4.13. The presence of the 
triggering profile was observed to change the stiffness of the tube.  
Closer inspection showsthere is evidence of a reduction in thepeak load in the 
chamfered tube. The peak load values of the triggered tube are approximately 9% 
lower than for its counterpart. Here, the chamfered tube initiated progressive 
crushing during the initial stage before reaching the highest value at approximately 
28 kN, following a sudden drop. The tube completely failed at a displacement of 6 
mm. It is apparent that the chamfer can significantly increase the trigger length, 
where the peak load occurred at a displacement of 5 mm.  
 
 
Figure 4.13.Load-displacement traces for the unchamfered and chamfered bamboo 
tubes. 
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Figure 4.14 summaries the average values of the peak load (left) and specific energy 
absorption (right) for both geometries conditions. As discussed earlier, the effect of 
the triggering system will reduce the peak load.  Nonetheless, the SEA values for the 
triggered tubes are greater than those for the non-triggered tubes, approximately by 
16%. 
Previous work has shown that the trigger mechanism can reduce the initial peak load 
while maintain the stability of the crushing load [141,142]. Indeed, the presence of 
trigger mechanism can significantly increase the energy absorbed by the bamboo 
tubes. The trigger system for this natural bamboo tube can be seen clearly in the 
earlier stages of the crushing load, before continuing in a splitting failure mode. Yan 
et al. [143] studied the effect of triggering system in flax/epoxy composite tubes. 
They reported triggering the tube increased the SEA values remarkably. The 
sequence of failure in the large bamboo tube for triggered and non-triggered samples 
is presented in Figure 4.15. In the figure, both geometries fail in a similar fashion, 
initiated by localised crushing and followed by a splitting mode. Images of the 
failure process in the non-triggered and triggered specimens during crush can be seen 
in Figure 4.16. 
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Figure 4.14.Comparison of the average values of the unchamfered and chamfered 
bamboo tubes following quasi-static testing. 
 
 (a)  
*Note: Differencein colour due to the effect of lighting while taking the photos. (b) 
Figure 4.15.Compression tests on (a) unchamfered and (b) chamfered large bamboo 
tubes. 
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 (a)          (b) 
Figure 4.16. Photograph of failure in (a) unchamfered and (b) chamfered bamboo 
tubes following compression tests. 
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4.3 Bamboo Honeycomb 
4.3.1 Quasi – Static Tests 
Compression tests were conducted on square core samples with an edge length of 40 
mm and both flax/PP and flax/PLA skins. Figure 4.17 shows typical load-
displacement traces following compression tests on samples based on small and large 
bamboo tubes, with both types of skin. An examination of the figure indicates, as 
expected, that both types of skin material exhibit a similar load-displacement 
response.  
In both cases, the force rises in a linear and non-linear fashion to a maximum, at 
which point the force reaches a plateau. During this phase, the uppermost surfaces of 
the tubes are being crushed in a similar manner to that observed previously in the 
individual tubes. With continued loading, the force begins to decrease rapidly as the 
bamboo tubes undergo the splitting mode, as previously-discussed. Here, the decline 
in force is less rapid than in Figure 4.7, due to the constraint applied by the 
neighbouring tubes (see Figure 3.5 in Chapter 3) as well as the two composite skins. 
This may also be related to the failure displacements corresponding to the peak loads 
in both Figure 4.7 and Figure 4.17. The individual tube failed at a displacement well 
below 2 mm (less than 1 mm for the small tube), whereas the bamboo cores failed at 
about 2 mm. The tests were interrupted when all of the tubes had completely failed in 
a splitting mode. As the result, the force did not drop to zero. However, a distinctive 
difference in the residual forces between these two flax composite sandwich 
structures is noticeable in the later stages of crushing. Here, the flax/PLA still 
exhibits higher values, largely because of the more compacted stacking of the split 
tubes than its PP counterpart. 
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 (a) 
 (b) 
Figure 4.17.Typical load-displacement curves forthe (a) small and (b) large 
diameter bamboo honeycomb structures based on flax/PP and flax/PLA skins. 
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Figure 4.18 summarises the compression strengths of the flax/PP and flax/PLA 
sandwich structures based on cores with small and large diameter bamboo tubes. The 
figure indicates that there is little difference between the PP and PLA-based 
sandwich structures. It is interesting to note that the samples based on the small 
diameter tubes offer higher compressive strengths than those based on large diameter 
tubes. It should be noted that the density of the cores based on small diameter tubes 
was 540 kg/m3, somewhat higher than the value of 400 kg/m3 for its large diameter 
counterpart. It is also observed that the strength of the large bamboo core with 
flax/PLA skins is higher than the flax/PP skins counterpart, whereas this is reversed 
for the small cores. This could be attributed to the effect from various D/t ratios of 
the individual tubes in the cores as the structures were fixed only with pre-defined 
specimen size, as well the various ratios of vascular bundles in each tube. Figure 4.19 
presents the specific energy absorption (SEA) values of the PP and PLA-based 
sandwich structures. Here, a distinct difference is observed between the two types of 
material manufactured using large diameter tubes. Such differences are not apparent 
in the smaller diameter systems, with both material types exhibiting similar values of 
SEA. The values of SEA evident in Figure 4.19 compare favourably with values 
measured on silk fibre reinforced epoxy(5 kJ/kg) [144] and jute fibre/epoxy tubes (10 
kJ/kg) [145].  
Figure 4.20shows the sequence of failure during quasi-static testing on the small and 
large diameter bamboo honeycomb structures with flax/PLA composite skins. An 
examination of the figure highlights the presence of longitudinal splits in the small 
diameter tubes, leading to lateral movement of the tubes during the crushing process. 
Failure, in the form of localised splitting and crushing at the lower surface, is in 
evidence in the larger diameter tubes.As previously discussed, the stacking of the 
split tubes related to PLA skins can also be clearly observed in the images no. IV in 
Figure 4.20, whereas the comparisons of stacked split tubes for both flax-based 
composite structures after crushed are shown in Figure 4.21.  
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Figure 4.18.The compression strength following the quasi-static tests on the small 
and large diameter bamboo honeycomb with flax/PP and flax/PLA skins. 
 
Figure 4.19.The SEA values following the quasi-static tests on the small and large 
diameter bamboo honeycomb with flax/PP and flax/PLA skins. 
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  (a)     (b) 
Figure 4.20.Failure sequences in cores based on (a) small and (b) large diameter 
bamboo honeycomb structures following quasi-static testing. Both structures have 
flax/PLA skins. 
  
 (a)     (b) 
Figure 4.21. Comparison of the crushed sandwich structures made with large 
bamboo cores subjected to quasi-static compression, (a) flax/PP skins, (b) flax/PLA 
skins. 
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4.3.2 Dynamic Tests 
Figure 4.22 shows typical load-displacement traces following dynamic crushing tests 
on the square bamboo core laminates based on small and large diameters. For both 
material systems, the force initially increases in a linear and non-linear fashion, 
before reaching a peak value that ranges from 70 to 90 kN for the small core, and 60 
to 70 kN for the large core. The force then drops rapidly as the core begins to fail and 
fragment under the continued movement of the crosshead. However, there is a higher 
residual load in the PLA sample, due tomore compacted split tube of PLA-based 
skins than the PP-based skins, as discussed previously. This system offers a higher 
crush resistance than its more brittle PP counterpart. A comparison of the dynamic 
traces in Figure 4.22 with the equivalent earlier traces in Figure 4.17, suggests that 
the impact-loaded samples absorb less energy than their quasi-static counterparts. 
This is confirmed when the SEA values are calculated and compared.  
Figure 4.23 presents a comparison of the impact strength of both material systems. 
The results indicate that the small cores offer a greater impact strength than the larger 
counterparts, as observed following quasi-static testing. Under dynamic loading, the 
strength for large bamboo core with flax/PLA skins is slightly lower than the flax/PP 
skins. Again, this could be the D/t ratio effect of the individual tubes as well as the 
material rate-effect. Figure 4.24 summarises the SEA values for the small and large 
diameter bamboo cores based on the two skins materials. A comparison with Figure 
4.19 suggests that these values are lower than those measured at quasi-static rates. 
This evidence contradicts the results from the tests on the plain tubes, where higher 
values of SEA were recorded at impact rates of loading. 
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The cause of this inconsistent behaviour may be related to the imperfection 
sensitivity of the cores under quasi-static and dynamic loading conditions. In 
addition, the age of the bamboo, inconsistences in the diameter andthe fibre density 
in each tube, also play some part in their mechanical test results. Given that the core 
structures are made from an assembly of bamboo tubes, it is inevitable that there are 
greater numbers of imperfections than in a single tube. These so-called imperfections 
include tube positioning errors and flatness inconsistencies at both ends of individual 
tubes within the cores. When resulting core is subjected to quasi-static loading, the 
core has more time to engage and realign to the loading process. In contrast, under 
dynamic loading conditions, there is less time to respond to the applied stress field 
through local re-organisation of the tubes and re-alignment of the core etc., 
potentially leading to a poorer overall energy-absorbing capability. 
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 (a) 
 (b) 
Figure 4.22.Typical load-displacement curves following dynamic loading for (a) 
small and (b) large diameter bamboo cores with flax-based composite skins. 
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Figure 4.23.Impact strength of small and large bamboo honeycomb structures. 
 
Figure 4.24.The SEA values of the small and large bamboo honeycomb structures 
under dynamic loading conditions. 
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4.4 Bamboo Tube-reinforced Foam 
4.4.1 Quasi – Static Tests 
A typical load-displacement trace following a compression tests on the bamboo tube 
reinforced foams is presented in Figure 4.25. Here, foams with different densities 
ranging from 15.6 kg/m3 to 128 kg/m3 were used to support a single bamboo tube. 
Under uniaxial compression loading, all tube-reinforced foams exhibit a linear and 
non-linear response until initial fracture of the tube occurred, as a result, the stiffness 
reduced. Initial fracture of the tube is clearly seen at intermediate displacements 
between 1.5 and 4 mm. The load required to further deform the specimen gradually 
decreases after reaching the peak load, and rises again until its densification phase. 
Figure 4.26 shows typical load-displacement traces for a bamboo tube reinforced 
foam with a density of 128 kg/m3. Also included in the figure are the corresponding 
traces for the individual bamboo tube and the equivalent unreinforced foam. Clearly, 
the response of the tube and foam are markedly different from the constituent 
materials. An integrated response was observed during the initial stages before the 
load was transferred to the foam (following fracture of the tube). It is also observed 
that strength of the integrated structure is higher than the combination of both 
constituent materials. This could be attributed to the constrained failure of the tube 
offered by the foam. 
Figure 4.27 shows that the specific measure of energy absorption for integrated 
bamboo and foam does not change greatly with the increasing of foam density, with 
all values averaging 17 kJ/kg. An estimation of the energy absorbed by the individual 
tube was undertaken by removing the contribution of the foam from the energy under 
the load-displacement traces in the bamboo-foam combination. The value then was 
normalized by the mass of the tube, also included in Figure 4.27.  It is evident that 
the energy absorbed by the bamboo tubes increases with increasing foam density. 
The SEA value of the individual tube in the highest foam density is approximately 35 
kJ/kg. It is interesting to note that the foam has been successful in suppressing 
longitudinal failure and enhancing the specific energy absorption capability of the 
tube (following removal of the energy contributed by the foam).  
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Figure 4.28 shows the plan view of the bamboo reinforced foam structure at several 
densities ranging from 15.6 kg/m3 to 128 kg/m3. On close examination, the low-
density foam highlights the presence of several radial cracks, due to the presence of 
longitudinal splitting in the tubes. The foam may not trigger a splaying type of 
fracture, however, it serves to constrain the lateral movement of the embedded tube.  
 
 
Figure 4.25. Typical load-displacement traces for bamboo reinforced foam for 
various densities of foams (Unit: kg/m3). 
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Figure 4.26. Typical load-displacement traces following tests on the bamboo 
reinforced structures (bamboo outer diameter = 24 mm and foam density = 128 
kg/m3). 
 
Figure 4.27.The variation of the SEA value of individual tubes inside the foam and 
the combination of bamboo – foam structures following compression tests. 
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 (a)    (b) 
 (c)    (d) 
Figure 4.28. Photographs of the plan views of bamboo tube-reinforced foams for 
foam densities of (a) 15.6, (b) 56, (c) 90.4  and (d) 128 (Unit: kg/m3). 
 
4.4.2 Dynamic Tests 
The capability of the bamboo reinforced foams to absorb energy under dynamic 
loading conditions has been investigated. The results of the dynamic test are 
presented in Figure 4.29. A comparison of the bamboo-foam structure (density foam 
= 128 kg/m3) with the corresponding individual tube and equivalent plain foam is 
also included in the figure. Closer inspection of the trace indicates that the tube-
reinforced foam reaches the maximum value at approximately 37 kN. Subsequently, 
the applied loading decreases due to fracture of the tube, remaining constant up to the 
onset of densification at about 15 mm. The dynamic traces in Figure 4.29 can be 
compared with the previous load-displacement response under quasi-static loading 
(Figure 4.26). There is evidence of an increase in the maximum value, and this may 
10 mm 
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be due to material rate-effects. It is also evident that the dynamic traces show some 
oscillation compared to the smooth quasi-static traces. 
Figure 4.30 presents the energy absorbed by the individual tube and the combination 
of tube with foam. The method used to “correct” the SEA values in the quasi-static 
tests was applied to these dynamic results. It is clear that by increasing the foam 
density, the “corrected” SEA values for the individual tubes also increases. Figure 
4.31 compares the capability of the individual tube to absorb energy under dynamic 
and quasi-static loading conditions. It is apparent that the dynamic response is higher 
for all foam densities than the quasi-static response, by over 40%. Both tests exhibit 
almost identical trends, with increasing the foam density there is an increase in the 
SEA values of the tube. 
 
 
Figure 4.29. Comparison of tube reinforced foam, individual tube and individual 
foam (for a foam density 128 kg/m3). 
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Figure 4.30.The variation of the SEA values of the individual tubes inside the foam 
and the combined tube andfoam structures following impact tests. 
 
Figure 4.31.Comparison of the SEA values of individual tubes embedded in foam 
under quasi-static and dynamic loading conditions. 
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4.5 Corrugated of Flax-based Composite Core 
4.5.1 Quasi – Static Tests 
Figure 4.32(a) shows typical load displacement traces following compression tests on 
the flax/PP corrugated core with five unit cells. There are four distinct regions, these 
being linear, non-linear, plateau and densification. In region I, the load initiated with 
non-linear response and continues in a linear fashion up to the first peak. The effects 
of machine compliance and skins that are not aligned parallel to each other has 
resulted in this initial “stiffness”. Hence, upon loading, the structures exhibit an 
effective flattening deformation during this initial contact. At the peak load, the core 
deformed almost symmetrical about the axis of loading. In region II, the response 
becomes non-linear and following this, the structure started to lose its stability due to 
the buckling mode. As a result, a gentle drop in the applied load occurred. In region 
III, the corrugated core turns into trapezium shape, followed by the initiation of a 
small region of fracture close to the uppermost core area (in certain cases). This is 
due to the surfaces of the cell walls coming into contact with the uppermost skin, 
slightly increasing the applied load. Further applied loading resulted in the structure 
becoming completely densified (region IV). Here, in certain cases, debonding at the 
edges of the structure occurs, due to insufficient levels of adhesion for transmission 
of the shear force to the core.  
In contrast, the flax/PLA corrugated core exhibits extensive crushing, as shown in 
Figure 4.32(b). Similar non-linear and linear responses were observed in the PLA-
based system in region I as were observed in the PP-based materials. However, in 
this case, delamination between the core plies was visible, rather than buckling. Such 
delamination became more visible as the movement of the crosshead continued. This 
resulted in a dramatic drop in force and a long plateau zone (region II – III). Finally, 
in region IV, the completely crushed structure, with wrinkling of the core, is in 
evidence (following delamination failure).  
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An attempt to further investigate the mechanical response of the core was carried out 
using different numbers of unit cell, i.e. two, three and five cells. Figure 4.33 shows 
the typical compression response for both PP and PLA-based corrugated core system 
with different numbers of unit cells. Based on these observations, all unit cells show 
an acceptable load-displacement trace. It is evident that the load increases as the 
number of unit cells increases. Figure 4.34 shows the process of failure in the flax-
based composite specimen during compression testing. Close examination of the 
failure mechanismsin the PP-based system, is predominantly associated with 
buckling, fibre fracture and debonding at the edge, whereas failure in the PLA-based 
material involved a combination of fibre micro-buckling and delamination. Complete 
failure of the specimens with different numbers of unit cellsare shown in  
Table 4.2. In the table, all unit cells exhibit a similar failure mode, this being fibre 
fracture and debonding for the PP-based system and delamination for the PLA-based 
material.  
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 (a) 
 (b) 
Figure 4.32. Typical load-displacement curves for (a) flax/PP and (b) flax/PLA 
corrugated core structures. 
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 (a) 
 (b) 
Figure 4.33. Comparison of load-displacement traces for (a) flax/PP and  
(b) flax/PLA corrugated core based on 2, 3 and 5 unit cells. 
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  (a)  
 (b) 
Figure 4.34. Photographs of progressive damage development in structures based on 
five unit cells of (a) flax/PP and (b) flax/PLA. 
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Table 4.2. Photographs of the flax-based composite specimens based on 2, 3 and 5 
unit cells after crushing under quasi-static loading. 
Composite 
materials 
Number of 
unit cells 
Photographs of failed specimens 
Flax/PP 
2  
3  
5  
Flax/PLA 
2  
3 
 
5  
 
 
 
 
 
 
 
 
20 mm 
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The effect of varying the number of unit cells on the compression strength of the 
flax-based composite corrugated core is presented in Figure 4.35. The figure clearly 
indicates that as the number of unit cells increases, the strength also increases. A 
comparison between the two flax fibre corrugated cores suggests that the flax/PP 
composite offers superior properties to its flax/PLA counterparts. For example, the 
strength of the flax/PP corrugated core was approximately 57% greater than the 
flax/PLA corrugated core, for the five unit cell geometry. Figure 4.36 compares the 
SEA values for the flax/PP and flax/PLA corrugated core. As expected, the SEA of 
the PP-based core is higher than the PLA-based core. Obviously, the increasein the 
value of SEA for the PP-based core is more significant than the PLA-based core. The 
effect of the buckling-dominated failure in the elastic region, allows more energy to 
be absorbed by the PP-based core (Figure 4.33). Moreover, the presence of the 
buckling failure mechanism means that the core experienced a substantial increase in 
strength, as has been proposed by Kazemahvazi et al. [30]. The poorer mechanical 
properties of the flax/PLA composite, discussed earlier, may also contribute to this 
result. All of the specimens were deformed to a similar level of crosshead 
displacement, where the instability of the core struts (or buckling) occurred during 
the initial failure. 
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Figure 4.35. Comparison of compression strength of the flax-based corrugated core 
based on different numbers of unit cells. 
 
Figure 4.36. Comparison of the SEA values of the flax-based corrugated core with 
different numbers of unit cells. 
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4.5.2 Dynamic Tests 
The dynamic loading response of the flax-based composite has been evaluated on 
samples with five unit cells of corrugated structure. The results shown in Figure 4.37 
indicate similar trends to those presented in Figure 4.32. Initially, the load rises linear 
and non-linear up to their maximum values, this being about 3.6 kN for the PP-
system and 0.64 kN for the PLA-system. With continuing loading, the specimens 
begin to fail and sustain the load until densification.  
A comparison of the compression and impact strengths of the flax-based composite 
corrugated structures is shown in Figure 4.38. In the figure, it is evident that the PP-
system offers a superior performance to its PLA-system counterpart. The dynamic 
strength of the PP-system is observed to be higher than those under static loading. 
However, the PLA-system exhibited a lower strength under dynamic loading than 
under static loading, the difference being more than 50%. This might be related to 
the failure mode, which is buckling and delamination.Also, the material rate-
dependencemay occur during the crushing event. Figure 4.39 presents the energy-
absorbing capability of the flax-based composite structures under static and dynamic 
loading conditions. Both flax composite structures exhibit higher values under the 
dynamic loading. The higher energy absorption capability of the PP-system is likely 
to be influenced by the inertia effect, as well the buckling-dominated failure 
mechanism. In contrast, the more angular deformation of the corrugations in PLA-
system indicates a small difference in the failure mechanisms from that seen under 
quasi-static loading. For dynamic compression, the PLA-system experienced micro-
buckling and subsequently delamination failure. Previous work has reported that 
buckling-dominated failure can be affected by inertia stabilisation, whereas 
compressive failure (following delamination and fibre micro buckling) influenced by 
the material strain-rate sensitivity [51]. Table 4.3 summarises the failure mechanisms 
for both static and dynamic testing. 
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 (a)  
 (b) 
Figure 4.37. Typical load-displacement response under dynamic loading conditions 
for the  (a) flax/PP and (b) flax/PLA corrugated structures. 
 
0
1
2
3
4
5
0 2 4 6 8 10
Loa
d (k
N)
Displacement (mm)
0
0.2
0.4
0.6
0.8
0 2 4 6 8 10
Loa
d (k
N)
Displacement (mm)
Chapter 4   Mechanical Properties of  Natural Fibre-based 
Sandwich Structures 
111  
 
 
Figure 4.38. Comparison of strength of flax-based corrugated structures under 
quasi-static and dynamic loading conditions. 
 
Figure 4.39.The specific energy-absorbing characteristics of flax-based corrugated 
structures under quasi-static and dynamic loading conditions. 
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Table 4.3.Comparison of failed flax-based composite specimens under quasi-static 
and dynamic loading conditions for the corrugated structures based on five unit 
cells. 
Composite 
materials 
Loading 
Conditions 
Photographs of failed specimens 
Flax/PP 
Quasi-static  
Dynamic  
Flax/PLA 
Quasi-static  
Dynamic 
                           
20 mm 
Chapter 4   Mechanical Properties of  Natural Fibre-based 
Sandwich Structures 
113  
4.6 Interlocking of Flax-based Composite Core 
4.6.1 Quasi – Static Tests 
Typical load-displacement traces following compression tests on the square and 
triangular honeycomb for the flax/PP structures are presented in Figure 4.40(a). This 
curve exhibits four distinct regions: linear elastic (region I), nonlinear plastic (region 
II), plateau plastic (region III) and densification (region IV). Both traces rise rapidly 
during the elastic loading phase (region I) before reaching a maximum value (region 
II). This is followed by a rapid drop in the applied load as the walls in the core 
buckled. In region III, plastic yielding occurs at a plateau value and the wall of the 
core structure starts to crack. As loading continues, the cracked surface of the cell 
walls comes in contact with the skins. As a result, the core structure is completely 
densified (region IV). The load for the triangular core is clearly higher than that of its 
square counterpart, largely due to the fact that the former offers a higher relative 
density. The tests were interrupted once the force started to increase at higher 
crosshead displacements, i.e. following the onset of densification of the core 
material. 
Figure 4.40(b) presents the equivalent load-displacement traces for the PLA cores, 
from where it is apparent that the maximum force values are significantly lower than 
those associated with the PP cores in Figure 4.40(a). In contrast, the load in these 
PLA cores does not drop as rapidly following the peak value, being comparable to 
that of the PP systems at intermediate displacements. Here, the PLA exhibits a long 
plateau in region III and the force remains fairly constant up to densification.  
An examination of the failure modes during compression loading indicate that all of 
the PP-based structures failed as a result of buckling of the vertical cell walls within 
the honeycomb. This can be clearly seen at the edges of the test samples shown in 
Figure 4.41 for the square and triangular honeycombs. A localised buckling-type 
mode of failure was also observed in certain regions within the PLA-based 
composites, although delamination within the vertical webs and local kinking in the 
skins were also widely observed (Figure 4.41(c) and (d)). 
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 (a) 
 (b) 
Figure 4.40. Typical load-displacement traces for the (a) flax/PP and (b) flax/PLA 
composites. 
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Figure 4.42 and Figure 4.43 show the load-displacement responses following 
compression tests on the flax-based composite structures with between two and five 
layers. It is clear that all of the specimens deformed in a similar fashion. However, 
the applied load for the five layer PLA cores gradually increasesafter the sudden 
drop, which associated with large deformation of wrinkling following delamination 
failure. Clearly, the compression strength increases as the core wall thickness 
increases, offering a higher energy-absorbing capability compared to the thin wall 
structures. Previous work has shown that an increasein the honeycomb cell-wall 
thickness will strengthen the compressive response, as well increases the energy-
absorbing characteristics of the honeycomb sandwich panel [146]. 
           
Chapter 4   Mechanical Properties of  Natural Fibre-based 
Sandwich Structures 
116  
 
 (a)     (b) 
 (c)     (d) 
Figure 4.41. Sequences showing the failure modes in the (a) square and                  
(b) triangular core flax/PP structures with a web thickness = 1.5 mm; (c) square and 
(d) triangular core flax/PLA structures with a web thickness = 1.3 mm. 
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 (a) 
 (b) 
Figure 4.42. Typical load-displacement traces for the (a) flax/PP and (b) flax/PLA 
square core interlocking structures based on 2, 3 and 5 layers. 
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 (a) 
 (b) 
Figure 4.43. Typical load-displacement traces for the (a) flax/PP and (b) flax/PLA 
triangular core interlocking structures based on 2, 3 and 5 layers. 
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The strengths of the square and triangular honeycomb PP-based structures are plotted 
as a function of relative density in Figure 4.44(a). From the figure, it is clear that the 
square honeycombs significantly out-perform their triangular counterparts, for a 
given relative density. The relative density for the square and triangular cores can be 
expressed as [33]: 
 Square core,̅ߩ = ଶ௧௟       (4.1) 
Triangular core, ̅ߩ = ଶ√ଷ ௧௟      (4.2) 
wheret is the cell wall thickness and l is the length between two strips (as illustrated 
in Chapter 3). 
For example, the compression strength of the square core with a relative density of 
0.23 is over thirty percent greater than that of the triangular core with a relative 
density of 0.26. Similar trends are apparent in the compression data for the PLA-
based composites shown in Figure 4.44(b), where the square honeycombs continue to 
out-perform the triangular systems. This is most evident when the strength of the 
square core with a relative density of 0.2 is compared with that of the triangular core 
with a relative density of 0.23. In this case, the former is more than double the 
latter.It is knownthat when the relative density increases, the cell wall thickness also 
increases,while the cell pore will decrease.Here, the square core with 5 layers 
(relative density = 0.23) exhibits a lower relative density than that of triangular 
corewith a same number of layer (relative density = 0.26). Therefore, the square core 
is suggested to have a better performance compared to the triangular core.Figure 4.44 
again highlights the difference in the relative performances of the two types of 
material, with the flax/PP structures being between three and four times stronger than 
the flax/PLA cores.  
 
 
Chapter 4   Mechanical Properties of  Natural Fibre-based 
Sandwich Structures 
120  
One potential application of these natural fibre based cores is in energy-absorbing 
structures and systems. In this study, the energy-absorbing characteristics of the 
cores are compared by determining the SEA values of the cores. Here, the energy 
under the load–displacement trace was divided by the mass of the sample. This 
approach has been used by other authors to characterise the energy-absorbing 
characteristics of core materials and composite tubes [147,148]. 
Figure 4.45(a) shows the variation of SEA for the flax/PP honeycomb structures with 
relative density, where it is again clear that the square cores outperform the triangular 
cores. Similar trends are in evidence in the SEA data for the flax/PLA core 
structures, shown in Figure 4.45(b), where it is again clear that the square structure 
offers superior properties. Once again, the energy-absorbing characteristics of the 
PLA honeycombs are inferior to that of their PP counterparts, largely due to the 
poorer mechanical properties of the former.  
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 (a) 
 (b) 
Figure 4.44. The variation of compression strength with relative density for the      
(a) flax/PP and (b) flax/PLA structures. 
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 (a) 
 (b) 
Figure 4.45. Summary of the specific energy absorption values for the square and 
triangular honeycombs, (a) flax/PP and (b) flax/PLA structures. 
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4.6.2 Dynamic Tests 
Low-velocity impact tests were undertaken on the square interlocking core structures 
of the flax-based composite. Figure 4.46 presents the dynamic load response of flax-
based interlocking structures.  In the figure, both curves exhibit a similar response to 
their static behaviour (Figure 4.40), i.e. the load increases to a maximum value, 
followed by a subsequent drop, before tending to a plateau force and completely 
crushed in the compaction zone. Here, the flax/PP structure exhibits its maximum 
value at approximately 12 kN, about eight times higher than the flax/PLA structure. 
The failure mechanisms under dynamic loading are similar to those under static 
loading. This includes buckling and fibre fracture in the flax/PP and delamination 
and localised buckling in the flax/PLA structure. 
Figure 4.47 compares the compressive strength and SEA values of the interlocking 
structures under quasi-static and dynamic loading conditions. The figure indicates 
that the dynamic response of the flax/PP structure displayed a greater strength and 
energy absorption compared to quasi-static response. This is due to the specimen 
experiencing a greater buckling resistance under dynamic loading. As suggested by 
Radford et al. [50], the enhancement in the dynamic strength can be influenced by 
the material rate-sensitivity and higher order of buckling modes (due to the inertial 
stabilisation). An observation of the flax/PLA structure shows no significant 
difference in the strength and energy absorbing capability between the quasi-static 
and dynamic data compared to the flax/PP structures. However, a close examination 
highlights evidence of a slightly lower strength under dynamic loading. It is known 
that delamination reduces the load-carrying capability of a structure, leading to early 
failure [149]. Delamination initiated after the peak load and propagated along the 
vertical webs in the cells of the honeycomb structure, before generating localised 
buckling. Such failure is associated with the materials rate-sensitivity, as well as the 
poorer mechanical properties of the flax/PLA composite. Apart from the failure 
modes, both results are also influenced by small imperfections in the vertical 
straightness of the core strips. 
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 (a)  
 (b) 
Figure 4.46. Typical load-displacement traces under dynamic loading for the (a) 
flax/PP and (b) flax/PLA interlocking structures. 
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(a) the compressive strength, 
 (b) the specific energy absorption 
Figure 4.47. The quasi-static and dynamic test results for interlocking core 
structures based on flax-based composites. 
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4.7 Corrugated Paperboard 
4.7.1 Quasi – Static Tests 
Further investigations into the mechanical properties of the corrugated paperboard 
combined with the flax composite skins have been carried out. Figure 4.48 shows 
typical load-displacement traces for the corrugated paperboard structures with 
flax/PP and flax/PLA skins. It is clear that both structures showing a similar 
compressive response. Here, the load initiates reasonably linearly up to the maximum 
value. After peak load, the cell walls begin to collapse and a large drop in the load-
carrying capability occurs. This drop was caused by local buckling and compression 
creasing of the cell walls. A close examination of Figure 4.48 indicates that the 
flax/PLA skin is slightly higher than the flax/PP skin, with a difference of 
approximately 8%. Figure 4.49 shows the failure sequences in the corrugated 
paperboard based on flax/PP composite skins. The aforementioned failure modes are 
observed at the edge of the structure, these being localised buckling and compression 
creasing.  
The strength and energy-absorbing characteristics of the paperboard structures are 
presented in Figure 4.50. The strength of the paperboard structure was calculated 
from the compression load response and the surface area of the structure. There is no 
significant change in the strength properties, even though the flax/PLA value is 
slightly higher than the flax/PP system. There is a noticeable difference in the SEA 
values between both skins of about 20%. This may be associated with the onset of 
densification, as seen in Figure 4.48. It may also be due to the inconsistency in a 
number of the corrugated cells in the structure, following the cutting processes, that 
is inevitable. However, since there is evidence of a higher strength in the PLA-skins 
structures, it suggests that the flax/PLA composite offers greater support to the skins 
than the flax/PP composite. 
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 (a) 
 (b) 
Figure 4.48. Typical load-displacement traces for corrugated paperboard with (a) 
flax/PP and (b) flax/PLA skins. 
  
0
1
2
3
4
5
0 2 4 6 8 10 12 14
Loa
d (k
N)
Displacement (mm)
PBPP1
PBPP2
PBPP3
0
1
2
3
4
5
0 2 4 6 8 10 12 14
Loa
d (k
N)
Displacement (mm)
PBPL1
PBPL2
PBPL3
Chapter 4   Mechanical Properties of  Natural Fibre-based 
Sandwich Structures 
128  
 
 
Figure 4.49. Sequence of failure in the corrugated paperboard sandwich structures 
with flax/PP skins. 
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 (a) 
 (b) 
Figure 4.50. Comparison of (a) the strength and (b) the SEA values of corrugated 
paperboard sandwich structures with flax-based composite skins. 
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4.7.2 Dynamic Tests 
The dynamic responses of the corrugated paperboard structure reinforced with flax-
based composite skins were also evaluated under the drop-weight impact tests. 
Figure 4.51 presents typical load-displacement traces for the paperboard 
configuration. Both traces show similar loading responses, with a linear and non-
linear elastic response to the peak, following the drop in applied load and 
subsequently continuing until the densification stage. Furthermore, the failure mode 
for this paperboard core under the dynamic loading, shown in Figure 4.52, is almost 
identical to that under quasi-static loading (Figure 4.49).  
A comparison between both loading conditions is presented in Figure 4.53. Figure 
4.53(a) highlights lower strength values under the dynamic loading compared to the 
quasi-static tests. In contrast, the SEA data for the dynamic tests are higher than the 
quasi-static values, by a factor of two. The energy absorption values were calculated 
from the load-displacement traces up to the onset of densification. The higher values 
from the dynamic tests are associated with the time required to generate folds in the 
cell walls, particularly during the drop in load. Wang [146] reported that the impact 
behaviour of the paperboard honeycomb sandwich structures can be affected by a 
number of factors, such as cell-wall thickness and length, core thickness as well as 
the skins. Other work carried out by Wang and Wang[150], proposed that the height 
of the paperboard core also influences its cushioning properties. 
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 (a)  
 (b) 
Figure 4.51. Typical impact load-displacement responsesfor the corrugated 
paperboard reinforced sandwich structures, (a) flax/PP and (b) flax/PLA skins. 
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 (a)  
 (b) 
Figure 4.52. Photographed of failed specimens of corrugated paperboard reinforced  
(a) flax/PP and (b) flax/PLA skins after impact tests. 
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 (a) 
 (b) 
Figure 4.53. Comparison of the quasi-static and dynamic (a) strength and (b) 
specific energy absorption characteristics of the flax-based composites. 
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4.8 Interim Conclusions 
This section investigates the quasi-static and dynamic response of various designs of 
sandwich structure based on natural fibres. The study has shown that the collapse 
mechanisms, for a particular geometry, remain unchanged with increasing strain-rate. 
It has been shown that the bamboo-based structures offer a great potential in energy-
absorbing capacity. In most structures, the flax/PP composite offers greater 
mechanical properties, compared to the flax/PLA composite, particularly when in the 
form of corrugated and interlocking structures. The mechanical properties of 
interlocking structures have shown that there is no significant difference between the 
square core and triangular core. Such natural fibre-based structures offer potential for 
use in load-bearing applications as a result of their attractive specific properties and 
light weight. It also serves to reduce environmental concerns. The rate-sensitivity 
study has shown that the dynamic strength of most of these natural fibre-based 
sandwich structures is higher than the quasi-static strength.  
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CHAPTER 5 : FINITE ELEMENT MODELLING 
5.1 Introduction 
Finite element analysis (FEA) or the finite element method (FEM) is known as a 
numerical method used to solve problems relating to engineering and mathematical 
physics. This method is very useful for problems with complicated geometries, 
loadings and material properties, which can not be obtained through analytical 
solutions. In this study, the interlocking structures were simulated using both 
Abaqus/Standard and Abaqus/Explicit. 
Abaqus/Standard: This is a general-purpose analysis product that offers a solution for 
various linear and nonlinear problems involving the static, dynamic, thermal and 
electrical response of components. It also solves a system of equations implicitly at 
each solution ‘increment’ [151,152]. 
Abaqus/Explicit: This is a special-purpose analysis package that uses an explicit 
dynamic finite element formulation. This analysis is convenient to model brief, 
transient dynamic events, i.e. impact and blast problems, and is likewise extremely 
proficient for highly nonlinear problems that are associated with changing contact 
conditions. Abaqus/Explicit marches a solution forward through time in small time 
increments without solving a coupled system of equation at each increment (or even 
forming a global stiffness matrix) [151,152]. 
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5.2 Modelling Procedure 
5.2.1 Constitutive Models for the Flax-based Composite 
This section describes the constitutive models for the flax-based composite (flax/PP 
and flax/PLA) materials used in the manufacture of the interlocking core structures 
tested experimentally. Generally, at a microscopic level, a woven type of composite 
consist of bundles of parallel fibres embedded in a polymer matrix which has a much 
lower modulus, so that they are commonly treated as homogeneous and isotropic 
[156]. Therefore, in this study, the flax-based composite has been modelled as an 
isotropic material. This material model is similar to that studied by Martin et al. 
[153].  The elastic and plastic behaviour, as well as the failure criteria of the flax-
based composite, are described herein. 
 
5.2.1.1 Elasticity 
The elastic response of the material was generated using an isotropic linear elasticity 
model. For materials that exhibit a linear elastic behaviour, the total stress is defined 
from the total elastic strain as:  
ߪ =  ܦ௘௟ߝ௘௟     (5.1) 
whereσ = total stress, ܦ௘௟= fourth order elasticity tensor, and ߝ௘௟ = total elastic strain 
[154]. 
The stress-strain relationship for isotropic linear elasticity is given as: 
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The shear modulus, G, can be calculated using G = E / (2 (1+ν)), where E is the 
modulus of elasticity and ν is the  Poisson’s ratio. Here, the elastic properties used in 
the model for the flax-based composite were obtained from the experimental data 
discussed in Chapter 4. 
 
5.2.1.2 Plasticity 
Plastic behaviour occurs after a material has been permanently deformed beyond its 
yield point. Once the yield surface changes size uniformly in every direction, 
isotropic hardening occurs. During this stage, the applied load will produce a plastic 
strain, εpl, and the yield stress will increase or decrease in all directions of stress. 
Here, the material was developed using a classical plasticity model, based on a von 
Mises yield surface. To determine the values of isotropic hardening, the yield stress, 
σy, is given as a tabular function of the plastic strain. The interpolation of the yield 
stress at any value of plastic strain is generated from the data table until it reaches the 
last value given in the table (in Abaqus software) [151]. 
The decomposition of the total increment of strain can be expressed as: 
ߝ௣௟ = ߝ௧௢௧௔௟ − ఙ೟೚೟ೌ೗ா , ߪ > ߪ௬    (5.3) 
whereσy is the initial yield stress. 
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5.2.1.3 Failure Criteria 
Many theories have been proposed for failure criteria corresponding to the various 
types of failure that are observed. Generally, failures in structure are caused by 
material degradation due to the fracture, crack propagation and coalescence micro-
cracks/voids in a ‘real-life’ material element. Here, damage initiation in the flax-
based composite interlocking structures was modelled using a ductile damage 
criterion (for both quasi-static and dynamic loading conditions). The equivalent 
fracture strain was used as a measure of failure to predict the onset of damage.  
The equivalent plastic strain at the beginning of damage, ߝୈ̅௣௟, is a function of the 
stress triaxiality, ƞ , and strain-rate, ߝ̅ሶ௣௟: 
ƞ =  − ୮୯      (5.4) 
where q is the von Mises equivalent stress and p is the pressure stress which is 
defined as: 
p =  ଵଷ  (σଵ +  σଶ + σଷ)           (5.5) 
Failure associated with this ductile criterion activates once the following condition is 
fulfilled: 
߱ୈ = ׬ ୢఌത೛೗ఌത೛ీ೗൫ƞ,ఌതሶ ೛೗൯ = 1          (5.6) 
whereωD is a state variable that increases with plastic deformation. During the 
analysis, the incremental increase in ωD at each increment is computed as: 
∆߱ୈ = ∆ఌത೛೗ఌത೛ీ೗൫ƞ,ఌതሶ ೛೗൯  ≥ 0          (5.7) 
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Damage development, associated with ductile deformation, was controlled by the 
fracture energy, in terms of the energy required for failure development, which is in 
the form of: 
ߪ = (1 −  ܦ)ߪത     (5.8) 
whereD is the overall damage variable and ߪത is the yield stress at a non-zero plastic 
strain-rate. A linear softening law was used, specifying a linear relationship between 
the softening stress and the displacement after the onset of damage for elasto-plastic 
materials. 
 
5.2.2 Material Properties 
The materialsinvestigated in this study were the flax-based composites. Here, the 
mechanical properties of the flax-based composite were taken from the experimental 
results presented in Chapter 4. In a finite element analysis, the elastic properties of a 
material are defined via the Young’s Modulus and Poisson’s ratio. Here, the 
Poisson’s ratio was set to 0.3 for both flax/PP and flax/PLA composites. The plastic 
behaviour was taken from the engineering stress – strain relationship, as shown 
inFigure 5.1 (corresponding to Figure 4.1). Table 5.1 and Table 5.2 summarise the 
elastic properties and ductile damage behaviour of the flax-based composite used in 
the FE analysis. Thevalues arecalculated using formula in section 5.2.1.1 to 5.2.1.3, 
which is taken from the stress – strain relationship (Figure 5.1). 
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 (a) 
 (b) 
Figure 5.1. Typical engineering stress vs engineering strain curves for  
(a) the flax/PP and (b) the flax/PLA composite. 
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Table 5.1. Summary of the elastic properties of the flax-based composite. 
Material Density (kg/m3) Young’s Modulus (GPa) Poisson’s Ratio 
Flax/PP 800 3.7 0.3 
Flax/PLA 1000 2.8 0.3 
 
Table 5.2. Summary of ductile damage behaviour of the flax-based composite. 
Flax/PP Fracture strain 0.022 
 Stress triaxiality 2.25 
 Quasi-static Strain rate (s-1) 0.0001 
 Dynamic Strain rate (s-1) 190 
 Fracture energy (J/m2) 5000 
Flax/PLA Fracture strain 0.05 
 Stress triaxiality  2.25 
 Quasi-static Strain rate (s-1) 0.0001 
 Dynamic Strain rate (s-1) 137 
 Fracture energy (J/m2) 9000 
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5.2.3  Quasi – Static Finite Element Modelling 
5.2.3.1 Model Assembly, Loading and Boundary Conditions 
Figure 5.2 shows the configuration adopted for the static compression model of a 
square interlocking sandwich structure. Also included are the boundary conditions 
applied in the model. In this simulation, the bottom surface of the lower platen was 
fully constrained. Therefore the displacement, U, and the rotational displacement, 
UR, were set to zero. In contrast, the top platen was free to move in the y-direction 
(Uy). This allowed the top platen to move downwards at a constant rate in order to 
progressively crush the structure. A reference point was placed at the centre of the 
top platen surface. The reference point was used to record the displacement and the 
reaction force of the structure through the contact pair between the sandwich top skin 
and the top platen. A similar method was also adopted to model the triangular 
interlocking structure. Details of the model dimensions for both types of interlocking 
core structures are presented inFigure 5.3 and Table 5.3. 
 
 
 
 
Figure 5.2. The assembly, loading and boundary conditions applied to the square 
interlocking structure model. 
x x x x x x x 
x 
Core 
Top platen (Ux = Uz = URx = URy =URz = 0, Uy≠0) 
Rigid body translation, δ 
Bottom platen (Ux = Uy= UZ = URX = URy =URZ = 0) 
Top skin 
Bottom skin 
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  (a)  
 (b) 
Figure 5.3. FE mesh for the sandwich cores showing the lower skin, (a) square core 
and (b) triangular core. 
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Table 5.3. Summary of the dimensions to model the interlocking core structure. 
 Core Height (Hc) Length (L1) Length (L2) Width (W) Thickness (t) 
Square 20 70 20 70 1.5 
Triangular 20 70 20 60 1.3 
   
5.2.3.2 Element Types 
A linear eight-node brick (C3D8R) element was used in modelling the response of 
the interlocking sandwich structure under quasi-static compression loading. The 
C3D8R element is a continuum element with reduced integration. Fewer number of 
Gaussian co-ordinates was used in the reduced integration elements when solving the 
integral. In general, accurate results can be obtained if using more Gaussion co-
ordinates, but this will weighed up the cost of computation time. Reduced integration 
elements in the first order of 8-node brick element is using only one integration 
point. Therefore, this could lead to an excessively flexible hourglassing, so, the 
hourglassing has to be properly controlled. 
 
5.2.3.3 Mesh Generation 
The meshing tools in Abaqus/CAE were used to generate the mesh in the 
interlocking structure (Figure 5.3). Smith et al. [96] reported that the element size in 
every unit cell size should be the same. Ensure that the combination of material 
property and element size is consistent throughout the study. It is known that the 
element size will have an effect on the CPU time. Too large elements can leads to a 
higher stress, whereas a finer mesh can use too much memory and is time 
consuming. The mesh-sensitivity study was performed by running the analysis with 
various size of element and stopped until there was no significant change in stress. 
Here, the element size used for both square and triangular core interlocking models 
Unit: mm 
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were sixteen elements along the vertical y-axis and two elements through the 
thickness.  
The total number of elements used in the models were 14076 and 42073 for the 
square and triangular interlocking sandwich structures, respectively. Both models 
were simulated usingelements with reduced integration and hourglass control. 
Hourglass control was selected as a default control, which is available for the C3D8R 
element.  
 
5.2.3.4 Interaction Properties 
Two types of interaction were applied in this interlocking model, these being general 
contact and surface-to-surface contact. The interlocking model structure used general 
contact, while a surface-to-surface contact was applied between the platen and the 
structure. In Abaqus/Explicit, a general contact law allows users to define the contact 
over multiple or all regions with a single interaction. On the other hand, the surface-
to-surface contact is more restrictive and requires more careful selection of the 
contact condition. Such contact interactions can be defined in the contact properties. 
A hard contact pressure-overclosure under normal behaviour and a penalty 
formulation to account for tangential behaviour were set as the contact properties. 
The penalty formulation was achieved using the basic Coulomb friction model. This 
model assumes that no relative sliding occurs if the equivalent frictional stress is less 
than the criticalstress: 
߬௘௤ = ඥ߬ଵଶ +  ߬ଶଶ     (5.9) 
 
The critical stress is defined as: 
߬௖௥௜௧ = ߤ݌            (5.10) 
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whereߤ is the coefficient of friction and p is the contact pressure between the two 
surfaces. The penalty formulation is based on the friction coefficient, where it 
become “frictionless” if the value is zero [151]. 
The hard contact relationship can minimise the penetration of the slave surface (the 
structure) into the master surface (the platen) at the constraint locations. It also 
restrains the transition of the tension stresses across the interface. This contact 
creates a pressure when the two surfaces become in contact. Conversely, there is no 
pressure if the clearance is greater than zero.  This can be clearly seen in Figure 5.4. 
Finally, the upper and lower surface of the interlocking core were tied to the skins. 
 
 
Figure 5.4. The hard contact pressure-overclosure relationship [151]. 
  
5.2.3.5 Modelling Data Output 
The output from the FE models can be specified by creating the output requests. 
Large amounts of output data can be requested during a finite element analysis. The 
results data can be managed by selecting the required data to be interpreted, as 
Abaqus will calculate the values of many variables at every step. This selected data 
can be chosen for specific regions, intergration points or reference points and the rate 
at which it is recorded can also be defined. There are two types of output request, 
these being field output and history output. 
No pressure = no contact Any pressure possible when in contact 
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Field outputs are generated from data that is spatially distributed over the whole 
model or over a portion of it. Here, the output presents images of the specimen at 
each requested interval. The amount of field output data during analysis is often large 
and therefore a low rate is recommended for field data to be written to the output 
database.  
History outputs are generated either from the whole model or specific points of the 
model at a high frequency. An individual component of the variables can also be 
specified when creating the history output request. In this numerical analysis, the 
reaction forces and displacement along the relevant directions of the rigid platen and 
the corresponding interaction force are requested at specific reference points and 
through the contact pair using the history output. 
 
5.2.3.6 Geometric Imperfection 
In most manufacturing processes, it is commonfor the occurrenceof theformation 
ofsmalldefects or known as imperfection. Such flaws can be associated with many 
factors, such as an existence of voids during the process of compression moulding, 
inconsistency of the wall thickness as well as the local variations in the fibre volume 
fraction. In general, the FE models do not include these structural imperfections in 
the simulation. Hence, an over-estimation of the peak load and stiffness of the whole 
structure can occur. A study on imperfections in numerical models has been 
successfully carried out in previous work. Côtéet al. [36] and Kazemahvazi and 
Zenkert [38] introduced an imperfection into their model in order to accurately 
predict the load-displacement traces of a structure. 
In this study, due to the thin nature of the interlocking cells, the composite exhibits 
buckling before the core finally collapses. Therefore, the geometrical imperfection 
pattern was included into the model to accurately predict the collapse behaviour of 
the interlocking core structure. The geometric imperfection pattern is defined as a 
linear superposition of buckling eigenmodes obtained from a previous eigenvalue 
buckling prediction performed with Abaqus/Standard [151]. This was conducted 
using the *IMPERFECTION function in a linear perturbation step in 
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Abaqus/Standard. The buckling modes were predicted and used to introduce a small 
imperfection in the straightness of the vertical cell members. The interlocking 
structure core could then be loaded in the same manner as in the test.  
Here, the imperfection takes the form: 
∆ݔ௜ = ∑ ݓ௜߶௜ெ௜ୀଵ     (5.11) 
where߶௜ is the ith mode shape and ݓ௜ is the associated scale factor. 
The simplest buckling mode (Mode I) was used to perturb the mesh and the scale 
factor used was 5% of the web thickness. The geometric imperfection, in terms of the 
buckling modes, was then imported into the Abaqus/Explicit analysis. The reason for 
using such an analysis is to make the ductile failure more effective, which is 
associated with postbuckling of the core cells. The appropriate time duration in the 
explicit analysis was determined through a series of numerical runs with different 
durations, until there was no significant dynamic effect. Using this approach, the 
time duration was set to 0.1 second. 
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5.2.4 Dynamic Finite Element Modelling 
5.2.4.1 Model Assembly and Element Types 
The impact response of the flax-based interlocking structure was modelled by 
considering a square core section. This is due to there being little difference in the 
strength properties of the square and triangular structures in the compression tests 
presented in Chapter 4. The geometry of the unit cells in the dynamic models was 
similar to the quasi-static analysis (Figure 5.2). Here, a dynamic analysis was 
conducted using eight-noded linear continuum elements with reduced intergration 
and hourglass control (C3D8R), similar to that used in the quasi-static analysis. 
Hence, the element size was also the same. The geometrical imperfection also 
applied in the dynamic modelling structure. 
 
5.2.4.2 Loading, Boundary Conditions and Interaction Properties 
In the dynamic FE model, the bottom platen remained fully constrained, while the 
top platen was subjected to an instantaneous velocity. The top rigid platen with a 
mass of 10.5 kg, located above the interlocking structure with a 3 mm offset, was 
used to represent the drop-weight carriage. Here, a small gap was used to avoid any 
unnecessary over-closure between the top platen and structure at the beginning of the 
simulation. 
The translation of the rigid top platen, Uy, was changed to an initial velocity and a 
mass was specified at the reference point located on the top platen. The reference 
point was also used to record the displacement, whereas the contact pair between the 
top platen and the structure was used to record the interaction force. A general 
contact algorithm was used for the interlocking structure model. Contact between the 
platen and the structure model was defined as surface-to-surface contact. The 
interaction properties were set to ‘hard’ in the normal direction and a friction 
coefficient of 0.1 was assumed in the tangential direction. The upper and lower 
surfaces of the interlocking core were tied to the skins. The bottom surface of the 
platen was fixed to restrain the lower platen from any movement. 
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5.2.4.3 Material Properties 
Here, the material model used in the dynamic analysis is isotropic elasto-plasticity 
with rate-dependant hardening. The input data for the material properties of the flax-
based composite model are described in Sections 5.2.1 and 5.2.2. 
A rate-dependent plasticity model was applied in this dynamic analysis, based on a 
scaling function. The rate-dependent hardening curve in terms of the static relation 
can be expressed as [151,152]: 
ߪ஽(ߝ௣̅௟, ߝ ̅ሶ௣௟) = ߪௌ(ߝ௣̅௟)ܴ(ߝ̅ሶ௣௟)   (5.12) 
 
where R is a yield stress ratio between the dynamic and static strengths.  
The equivalent plastic, ߝ௣̅௟, calculated from: 
ߝ௣̅௟ = ׬ ଶଷ ߝሶ௣௟: ߝሶ௣௟݀ݐ௧଴           (5.13) 
ܴ =  ఙವఙೄ      (5.14) 
Rate-dependent yield in the dynamic models was used to define the material yield 
behaviour when the yield strength depends on the applied strain-rate. The yield stress 
ratios for the flax-based composites used in dynamic modelling are shown in  
Table 5.4. 
 
Table 5.4. Summary of rate-dependent of hardening yield ratio for the flax-based 
composite used in dynamic compression modelling. 
Flax/PP Yield stress ratio (R) 1 1.01 1.09 1.1 Equivalent strain (1/s) 0 90 150 190 
Flax/PLA Yield stress ratio (R) 1 1.001 1.003 1.005 Equivalent strain (1/s) 0 40 65 137 
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5.3 Results from the Finite Element Simulations 
5.3.1 Quasi – Static Compression 
Figure 5.5 shows comparisons of experimental and numerical load-displacement 
traces for the square and triangular cores based on the flax/PP and flax/PLA 
composite. In general, correlation between the experimental and numerical data is 
very good, with all of the main features being captured, including the initial stiffness, 
peak load, initial failure, plateau and densification stages. The predicted peak loads 
for both cores are similar, with a very good agreement in the softening and 
subsequent plateau stages. The finite element model predicts the onset of 
densification at a slightly later stage in the loading regime for the flax/PP triangular 
core, also such the predictions for both the square and triangular flax/PLA cores are 
over-estimated at a later stage. This may be due to perfect bonding between the core 
and skins being assumed in the model. It is observed that there are wavy lines for the 
flax/PP coresunder the densification stage. This could be due to the underestimated 
fracture energy in the failed elements. In addition, the stress level related to strain 
hardening for the material properties in densification stage were not considered. It is 
suggests that energy absorption up to densification can be reasonably predicted using 
the FE models. 
The progressive failure modes predicted by the finite element models were compared 
with those observed experimentally. Figure 5.6 compares the predictions offered by 
the model with the test specimens subjected to various levels of deformation. 
Clearly, the basic characteristics of the experimental failure modes are captured by 
the model, in which buckling of the vertical members and their final collapse is 
evident. The progressive failure modes predicted in the triangular flax/PP core are 
shown in Figure 5.7. Again, the basic features observed experimentally are 
reproduced by the finite element simulations. 
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 (a) square cores 
 (b) triangular cores 
Figure 5.5. Load-displacement traces from the experimental tests and the finite 
element simulations for (a) the square cores (flax/PP and flax/PLA) and  
(b) the triangular cores (flax/PP and flax/PLA). 
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Figure 5.6. Progressive failure modes following testing and modelling for the square 
interlocking flax/PP with a web thickness = 1.5 mm and a relative density = 0.15. 
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Figure 5.7. Sequencial images showing failure modes in the triangular core flax/PP 
with a web thickness = 1.5 mm and a relative density = 0.26. 
 
The buckling modes occurring during the early stages of failure were also 
investigated. Figure 5.8 highlights the modes in both the square and triangular 
flax/PP cores for the case where the vertical displacement is approximately 2 mm. 
The FE images provide an insight into the buckling characteristics during the initial 
loading process, highlighting the onset of core buckling in these structures. In order 
to obtain a better understanding of the failure modes inside the core, the top skin was 
removed from the finite element models. Figure 5.9 shows the final crush state in the 
cores for both the square and triangular designs. It can be clearly seen that all of the 
vertical members have completely buckled and in some cases fully fractured. 
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(a) square, 
 (b) triangular 
Figure 5.8. Buckling modes for the flax/PP cores corresponding to a vertical 
displacement of 2 mm, (a) square core and (b) triangular core. 
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Figure 5.9. The predicted profiles of the crushed flax/PP cores, (a) square and 
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5.3.2 Dynamic Compression 
The FE model tested under dynamic loading was simulated on the square 
interlocking cores. In the impact simulations, the striker mass, M,and the initial 
velocity assigned to the top platen were based on the experimental work. 
In general, an examination of the predicted responses for the flax/PP and flax/PLA 
cores in Figure 5.10 indicates reasonable agreement with the corresponding 
experimental measurements. This level of agreement includes the initial stiffness, the 
peak load and the subsequent buckling behaviour. Beyond the peak load, the 
predicted load-displacement traces show similar trends to the experimental data. It is 
observed that the FE models give a prediction of a smoother response, due to the 
assumption of perfect contact between the platens and the structure. In contrast, the 
experimental response exhibits an oscillatory response, due to ringing effects in the 
load cell. The assumption of perfect contact also has an effect on the stiffness of the 
structure, where the FE has slightly over-estimate the measured stiffness. The 
predicted peak load is higher than the experimental peak load by about 15%.  
The FE model for the flax/PLA core exhibits a reasonable load-displacement 
response compared with the experimental results. However, it is observed that the 
peak load and the onset of densification are slightly over-estimated, as for the quasi-
static model. It should be noted that delamination between the vertical webs that 
might occur due to the loss of matrix during the manufacturing process was not taken 
into consideration. In this study, the model was assumed to fail in a buckling mode 
and this might cause the peak load and onset densification to be over-estimated.In 
addition, the perfect bonding also plays some role in the model. Therefore, the onset 
of densification has been over-estimated, which also affected the value for the 
energy-absorbing capability. Here, the predicted load is about 25% higher than the 
experimental peak load.  
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 (a) 
 (b) 
Figure 5.10. Comparison of the experimental and FE load-displacement traces for 
(a) flax/PP and (b) flax/PLA structures. 
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It is known that a finite element analysis (FEA) is dependent on the accuracy of the 
input parameters, such as the mechanical properties, constraints and loading 
condition. It is difficult to obtain accurate mechanical properties of natural fibre due 
to its complexity and variety in nature. Given that both the PP and PLA based 
composites were manufactured using a similar pressure and pressing time, but with 
different temperatures, this could also affect the matrix properties of both 
composites. Gamstedt and Almgren [155] stated that the mechanical properties of 
natural fibres could be affected by temperature, moisture content, strain-rate, etc. It 
also should be noted that due to manufacturing defects, the mechanical properties in 
the experimental work for each strip in the interlocking core could be different and 
may affect the properties of the structure. Based on the dynamic response, the 
specific energy absorption results for FE simulation were 4.46 kJ/kg for the flax/PP 
and 2.22 kJ/kg for the flax/PLA. A close examination of the flax/PP structure shows 
that the predicted SEA value is lower than the experimental value by approximately 
14%, but higher for the flax/PLA structure by over 40%. Figure 5.11 presents the 
final crushed flax/PP core with the corresponding FE model. Similar to that observed 
in quasi-static model, the failure in the dynamic model also shows clear basic 
features produced experimentally. 
 
 
 (a) experiment,  
 (b) FE model 
Figure 5.11. Final crushed failure of flax/PP cores. 
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5.4 Interim Conclusions 
Table 5.5. Comparison of the predicted FE and experimental results following quasi-
static tests on the square and triangular interlocking structures. 
Material 
and Core 
Structure 
Experiment, 
Pmax (kN) 
FE, 
Pmax 
(kN) 
Percentage 
difference 
(%) 
Experiment, 
SEA(kJ/kg) 
FE, 
SEA(kJ/kg) 
Percentage 
difference 
(%) 
Flax/PP 
(square) 
8.62 8.34 +3.24 3.34 3.26 +2.32 
Flax/PP 
(triangular) 
10.90 10.39 +4.72 3.34 3.24 +2.99 
Flax/PLA 
(square) 
2.69 2.83 -5.27 1.51 1.88 -24.75 
Flax/PLA 
(triangular) 
2.38 2.54 -6.66 1.20 1.30 -8.52 
 
Table 5.6. Comparison of the predicted FE and experimental results following 
dynamic tests on square interlocking structures. 
Material Experiment, 
Pmax (kN) 
FE, 
Pmax 
(kN) 
Percentage 
difference 
(%) 
Experiment, 
SEA(kJ/kg) 
FE, 
SEA(kJ/kg) 
Percentage 
difference 
(%) 
Flax/PP 12.08 13.86 -14.65 5.21 4.46 +14.29 
Flax/PLA 2.37 2.95 -24.74 1.50 2.22 -47.62 
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Finite element models have been developed in order to predict the behaviour of the 
flax-based composite interlocking structures. The simulations were carried out under 
quasi-static and dynamic loading conditions. The composite was modelled as an 
elasto-plastic material witha ductile damage failure criterion. Both the quasi-static 
and dynamic models were designed in Abaqus/Explicit using C3D8R elements. Due 
to the thin nature of the vertical web, a geometric imperfection was implemented in 
the simulation in order to effectively predict the experimental results. This 
imperfection was simulated in Abaqus/Standard and was later exported to the 
Abaqus/Explicit. The results for both the quasi-static and dynamic FE predictions 
were presented and compared with the corresponding experimental results reported 
previously. In general, the numerical models show good agreement with the essential 
features of the experimental load-displacement traces. They are listed in Table 5.5 
and Table 5.6, where a comparison is given between the FE simulations and 
experimental data following quasi-static and dynamic tests structures. Considering 
the results obtained from the experimental and FEA work, this simplified FE model 
could be used for other types of natural fibre in order to predict their peak force and 
energy absorption values.  
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6.1 Conclusions of the Research Work 
The aim of this study was to manufacture a range of sandwich structures made from 
natural fibre composite materials and to investigate their mechanical properties. Two 
main natural materials were investigated, these being bamboo tubes and flax-based 
composites. A range of quasi-static and dynamic tests were performed in order to 
evaluate the mechanical response, energy absorption and the failure modes in the 
structures.  In addition, thefinite element analysis (FEA) has been used to predict the 
response of the sandwich structures subjected to different loading conditions, which 
is also validated against the corresponding experimental results. The numerical 
modelling study focused on interlocking structures, under both quasi-static and 
dynamic loading regimes. Based on the findings of this study, the following 
conclusions can be drawn: 
 It was shown that the PP-based system was more sensitive to variations in 
manufacturing temperature. However, this composite did offer tensile properties 
that were significantly higher than those measured on the PLA-based 
system.Tests on individual bamboo tubes have shown that decreasing the 
diameter to thickness ratio (D/t) serves to increase the specific energy absorption 
(SEA) values of the tubes, under both quasi-static and dynamic loading 
conditions. Failure in the large diameter tubes was predominantly associated 
with a bulging and a splitting mode, whereas failure in the smaller diameter 
tubes involved greater amounts of crushing and splaying, the mechanisms 
related to absorbing greater levels of energy. Further investigation on the 
influence of the triggering system used in the larger bamboo tube was also 
carried out. It has shown that the chamfer profile successfully triggers the tube 
to exhibit progressive failure during the initial stages. Similar to the tests on the 
unchamfered large tubes, the failure modes for the chamfered tubes involved a 
splitting mode under quasi-static loading conditions. 
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 The compression strength of bamboo honeycomb structures based on flax/PP 
and flax/PLA skins has shown that the small diameter bamboo cores have out-
performed the large diameter cores. The resulting SEA values of both bamboo 
cores exhibit more than 20 kJ/kg under static and dynamic loading conditions, 
with a PLA-based system containing large diameter bamboo tubes offering the 
highest overall value. These energy-absorbing properties compare favourably 
with those recorded elsewhere on environmentally-friendly energy-absorbing 
systems. Interestingly, these bamboo-based honeycombs have indicated a great 
potential for use in engineering applications as energy absorbing structures.  
 
 There is no significant difference in the specific energy absorption properties of 
the bamboo-foam structures, with all values averaging approximately at 17 
kJ/kg. However, an estimation of the energy absorbed by the individual tubes 
was investigated by removing the contribution of the energy absorbed by the 
foam from the load-displacement traces of the bamboo-foam combination. As a 
result, the energy absorbed by the individual bamboo tubes increases as the 
foam density was increased. Hence, this has shown that higher density foams 
offer greater support to the tubes, where it has been successful in suppressing 
longitudinal failure as well as enhancing the specific energy absorption of the 
tube. 
 
 The compression properties of the flax-based corrugated core increases as the 
number of cells was increased. Under both static and dynamic loading, the 
flax/PP corrugated core offers greater properties than its flax/PLA counterpart, 
in all cases. The specific energy absorption of the flax/PP core is greater than the 
flax/PLA core. Damage in the flax/PP core was predominantly associated with 
buckling and fibre fracture, whereas the flax/PLA core exhibited fibre micro-
buckling and delamination.  
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 The compression characteristics of the PP-based interlocking honeycomb core 
were found to offer strength and energy-absorbing characteristics well in excess 
of those offered by the PLA-based cores. It is believed that the poorer 
mechanical response of the PLA-based structures is associated with the 
relatively low failure strain of the matrix material. Here, it was also shown that 
the compression strength and energy-absorbing characteristics of the square 
honeycomb cores were significantly greater than those of their triangular 
counterparts. Under dynamic loading, the PP-based structures offered a greater 
strength and energy-absorbing capability than that under quasi-static loading. In 
contrast, the PLA-based structures offer similar properties when tested under 
both quasi-static and dynamic loadings. The PP-based core was observed to fail 
in a buckling mode followed by the fibre fracture, while the PLA-based core 
failed in delamination and localised buckling. Both types of flax-based 
composite show an increase in mechanical properties, as the wall thickness of 
the core is increased, thus, offering greater energy-absorbing capability than the 
thin wall thicknesses. 
 
 The results for the corrugated paperboard with flax-based composite skins 
indicate no significant difference in the strength properties, even though the 
flax/PLA value is slightly higher than the flax/PP. An approximate 20% 
difference in energy-absorbing capacity in both skins was observed, which is 
associated with the onset of densification and due to the inconsistency of a 
number of corrugated cells in the core, following the cutting processes. The 
higher value of specific energy absorption observed under dynamic loading is 
associated with the time required to generate the folded cell walls. These 
environmentally-friendly structures are found to have potential to be used in 
low-end engineering applications, such as in the packaging industry. 
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 The compression response of the square and triangular honeycomb structures 
have been successfully modelled using the finite element analysis (FEA) 
techniques. The simulation was carried out under both quasi-static and dynamic 
loading conditions. Due to there being little difference in the compression 
strengths of the square and triangular cores, the dynamic compression response 
was simulated only on square cores. In general, the numerical models exhibit 
reasonably good correlation, in terms of the essential features of the 
experimental load-displacement responses. Other types of natural fibre based 
composite can be simulated using this simplified model to predict their peak 
load and energy-absorbing characteristics. 
Finally, it is believed that this study can help increase the use of natural fibres in 
sandwich structures. Some of these environmentally-friendly structures can offer 
good mechanical properties and potential for use in engineering applications as 
energy-absorbing structures. In addition, the use of natural materials gives some 
added-value to this environmentally-friendly sandwich structure. 
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6.2 Recommendations for Future Work 
The growing awareness of environmental issues has led to a large number of studies 
on the use of natural fibre composites in green engineering applications. The 
mechanical properties offered by natural fibres is no longer debatable and these 
materials offer a great potential. Therefore, in order to transform this so-called 
“waste” material into a useful composite material, some recommendation for future 
work are given below: 
 Further investigations should be carried out to fully characterise the behaviour of 
these natural fibre-based structures under bending and torsion as well as under 
fatigue loading conditions. 
 
 Investigations on the mechanical properties of sandwich structure mades from 
different natural fibre materials and/or a hybrid composite based on natural and 
synthetic fibres should be carried out. This would help to reduce the use of 
synthetic fibres in composite structures, but still offer improvements on 
mechanical properties. 
 
 The FE analysis presented in this study was developed using a simple model. It 
would be more interesting if a more comprehensive study on this natural fibre-
based structure is carried out. This approach would produce better and more 
comprehensive simulations to help design these kinds of structures. 
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